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Abstract 
Energy storage is a field which governs almost all aspects of daily life. Batteries and capacitors 
are utilised in devices at every scale, from mobile phones all the way up to the national grid. 
Efficient energy storage requires extensive research into chemistries and configurations, 
utilising novel materials to assemble devices. These often have a significant effect on features 
including the energy and power density of a cell. One such property is the pore structure of an 
electrode. Electrochemical Double-Layer Capacitors, also known as supercapacitors, utilise 
meso/microporous electrodes with a wide distribution of pore sizes. Larger pores typically 
facilitate ion diffusion and a high device power density, yet smaller micropores provide a large 
specific surface area for the electric double layer which facilitates a high device energy density. 
Recent advancements in post-lithium ion battery technology (such as lithium-sulphur and 
lithium air batteries) utilise these micropore surface areas for redox reactions.  
Developing accurate models of energy storage devices allows for the simulation of the 
processes within the cells without the need for expensive and time-consuming experimental 
testing. Many models have been developed in the past, however sweeping assumptions are 
often made with respect to the pore structure. These generally assume a uniform pore size 
and structure, and do not take into account the effects of different pore sizes present in a true 
electrode material. Pore network models are able to do this, but require complex or expensive 
pieces of software and a long simulation time. 
In this project, a novel continuum model of mass and charge transport has been developed 
catering for the many pore sizes in an electrode. This model allowed for the simple 
implementation of a pore size distribution into the simulation of the processes in several 
supercapacitor configurations, a lithium-sulphur battery, and two lithium-oxygen battery 
configurations. This novel approach involved characterising an electrode material through 
analysis of the pore structure and pore size distribution. A novel mathematical transient 
volume averaged model was developed to solve for the mass transport of species within pores 
of different sizes. The use of this model in each case demonstrated good agreement with 
experimental data and allowed for analysis of the effects of different pore structures on the 
activity of cells. It was found that larger pores (in the macropore region) facilitate mass 
transport of species, and smaller pores (in the micropore region) have a reduced rate of mass 
transport and a higher rate of reaction (in batteries) and stern layer formation (in 
supercapacitors). This novel model demonstrated the importance of modelling ion transport 
through multiple pore sizes of an electrode material. This model also addresses the need for 
more complex energy storage device simulation in a reasonable solving time without the need 
for expensive pieces of software.   
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Acronym Definition 
AC Activated carbon 
ACF Activated carbon fibre 
AFM Atomic force microscopy 
AN Acetonitrile  
BCC Body centred cubic 
BET Brunauer-Emmett-Teller 
BJH Barret, Joyner, and Halenda 
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Nomenclature 
Symbol  Description Units  
𝑎 Specific interfacial surface area m2/m3 
𝐴𝑝 Specific cross-sectional area of pore p m
2/kg 
𝑏 Symmetry factor - 
𝐶 The capacitance of a supercapacitor F 
𝑐𝑖 Concentration of species i mol/m
3 
𝑐𝐵𝐸𝑇 The BET constant - 
𝑑𝑝 Pore width of pore p m 
𝐷𝑖 Diffusion coefficient of species i m
2/s 
𝑒𝑐 Elementary charge C 
𝐸𝑣,𝑖 Electrochemical potential of the formation of species i V 
𝐸𝑘 Energy stored in a capacitor J 
𝐸𝑆𝑅 Equivalent Series Resistance, or the internal resistance of a 
capacitor 
Ω 
𝜕 ln 𝑓
𝜕 ln 𝑐𝑖
 
Thermodynamic coefficient - 
𝐹 Faraday’s constant C/mol 
𝑖 Current density A/m2 
𝑗 Transfer current density A/m2 
𝑘𝑖 Reaction coefficient for species i - 
𝑘𝑏 Boltzmann constant J/K 
𝑙𝑝 Length of pore p m 
𝑀𝑖 Molecular mass of species i g/mol 
𝑛 Number of electrons transferred in a specified reaction - 
𝑁𝐴 Avogadro’s number  1/mol 
𝑃max The maximum power of a capacitor  W 
𝑃𝑎𝑑𝑠 The pressure of an adsorbed molecule Pa 
𝑃𝑠𝑎𝑡 The saturated pressure of an adsorbate Pa 
𝑟𝑖 Reaction rate of the formation of species i Mol/m
3 s 
𝑟𝑎𝑑𝑖 Ionic radius of species i m 
𝑅𝑓,𝑖 Resistance of deposited layer of species i Ω 
𝑅 Molar gas constant  M2 kg/s2 K 
mol 
𝑆𝑑 Specific surface area of the sample m
2/m3 
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𝑇 Temperature K 
𝑡 Time s 
𝑡𝑟,𝑖 Transference number of species i - 
𝑉𝑝 Specific volume of pore p m
3/kg 
𝑣𝑖 Solubility coefficient of species i - 
𝑋𝑎𝑑𝑠 Volume of adsorbed gas m
3 
𝑋𝑠𝑎𝑡 Volume of adsorbed gas when fully saturated m
3 
𝑧𝑖 Charge number of species i - 
 
Greek symbols 
Symbol  Description Units 
𝛽 Symmetry factor - 
𝜅 Electrolyte conductivity  S/m 
𝜀 Porosity  - 
𝜇 Viscosity m2/s 
𝜌𝑖 Density of species i Kg/m
3 
𝜂𝑖  Viscosity of species i Pa s 
𝜎 Conductivity of solid electrode S/m 
𝜏 Bruggeman’s coefficient - 
𝜔 Frequency of the EIS signal Hz 
𝜙 Potential V 
𝜓 Phase shift Hz 
 
Subscripts 
Symbol  Description  
0 Initial 
1 Solid phase (electrode) 
2 Liquid phase (electrolyte) 
𝑎 Anodic coefficient 
𝑐 Cathodic coefficient  
𝑠 Solid 
𝑑𝑖𝑓𝑓 Diffuse layer 
𝑑𝑙 Double layer 
𝑒𝑓𝑓 Effective coefficient 
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+ Positive charge 
− Negative charge 
𝑚 Monolayer 
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1. General Introduction 
1.1. Introduction 
With an ever aging and growing population, energy demand worldwide is growing. The U.S. 
Energy Information Administration projects that the worldwide energy demand will increase 
28% from the 2015 figures by 2040 (Pilon et al. 2015, U.S. Energy Information Administration 
2017). This energy can be generated in a number of ways, traditionally through use of fossil 
fuels and coal in power stations. However, this has led to a high contribution to global carbon 
dioxide (CO2) emissions. Renewable energy sources, such as solar and wind power, offer 
alternative methods of energy generation with a reduced carbon footprint. Over the lifetime of 
the plant, the greenhouse gas emissions of power plants generating energy from renewable 
sources are approximately 3% of the greenhouse gas emissions of a typical fossil fuel power 
plant (World Nuclear Association 2011).  
Coal remains a widely used fuel for electricity generation, making up 40% of the net electricity 
generation in 2015 (U.S. Energy Information Administration 2017). A reason for this (and a 
specific advantage of burning fossil fuels over some renewable energy resources) is that it is 
available consistently. For instance, solar power requires solar energy to generate electricity, 
which is only available during the day. As well as this, wind power can only be generated when 
turbines are subject to wind. For this reason, there is typically a higher energy production at 
certain times of day and a lower energy production at others. These peaks and troughs in 
energy production may not necessarily reflect the changing energy demands of customers 
throughout the day. As such, energy needs to be stored in efficient energy storage devices to 
allow demand to be met at peak times.  
Energy storage devices are typically either batteries or capacitors, of which there are many 
different material configurations and chemistries. Both store energy in different ways and can 
be made from many different materials. Both are typically made of a pair of electrodes, one 
with a positive charge and one with a negative charge. They are separated by an insulating 
material flooded with a charge carrier, typically a liquid electrolyte. A general structure is 
shown in Figure 1-1. Capacitors store energy in the form of an electric field generated by the 
movement of ions within the charge carrier to the respective opposite charged electrodes. 
Batteries operate through the use of ion transport at the beginning of the cycle, and 
subsequently store energy in chemical form via redox reactions. The pathways and 
mechanisms of this are dependent on the structure and chemistry of the battery.  
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Figure 1-1 – The typical structure of a battery or a capacitor. The two electrodes have opposing charges and are 
separated by an insulating layer.  
 
Energy storage devices have a myriad of applications and are used extensively throughout 
the world. Harnessing this energy is dependent on the energy storage device itself, as all 
deliver energy in different ways. To decide which is the optimal device for a specific 
application, the first thing to do is understand the differences between specific energy and 
specific power. Specific energy is the energy a device can deliver per unit mass, and specific 
power defines the speed at which this energy can be delivered per unit mass. Supercapacitors 
are able to deliver short bursts of large amounts of energy, and thus have a high specific 
power. Batteries deliver energy over a longer period of time, and thus have a lower specific 
power but typically a higher specific energy rating. Some battery and capacitor technologies 
and some typical values for their respective specific power and specific energy can be seen 
in Figure 1-2 (Kasemchaninan 2015, Kim et al. 2018).  
Capacitors and supercapacitors are typically used in applications that requires short bursts of 
energy, such as in electronics when a power supply is lost. Batteries are used in mobile 
applications that require high specific energy when away from a power supply, such as in an 
electric vehicle (EV) or a mobile phone. Research is focused in several different areas, such 
as: increasing the specific power/energy, reducing the environmental impact of the 
manufacture and the life cycle of the device, and ensuring the safety of the operation of the 
devices.  
Specific energy and power are key performance indicators for energy storage systems, and 
there are many factors which affect these metrics. A large specific surface area of the 
electrodes is needed to store a large amount of charge in supercapacitors, and also to provide 
the surface at which accumulated ions store and deliver energy via redox reactions in many 
Load 
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battery technologies. This ensures a high specific capacity in both devices. Small micropores 
in the electrode materials provide a large surface area provided they are accessible to the ion 
in question. On the other hand, a network of macro and meso pores is required in the electrode 
pore structure to allow for fast transport of ions and redox species to the micropores. Such 
fast transport would increase the specific power and energy of the device in question as the 
ionic species would be able to reach the micropores.  
 
 
Figure 1-2 – A demonstration of the balance between specific energy and specific power for different energy 
storage devices.  
 
The optimal cell parameters and the effects of using different materials can be determined 
experimentally. This often involves investigation of entirely novel cell chemistries and 
configurations. For example, the theoretical limitations of the capacity of lithium ion batteries 
have almost been reached, and thus researchers have turned to entirely new technologies. 
These include the lithium-air battery and the lithium-sulphur battery. 
A lithium air battery typically consists of a lithium electrode, a non-aqueous electrolyte, and a 
porous carbon-based electrode. In this battery, lithium reacts with oxygen to form a product 
on discharge. The, ‘air,’ in the name is therefore a brand name, as the battery requires oxygen 
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to be dissolved into the electrolyte. Lithium-sulphur batteries require lithium to react with 
sulphur on discharge, forming polysulphide discharge products. As part of this, sulphur is 
typically impregnated in an electrode host to form the working electrode. Both of these 
technologies offer theoretical capacities and energy densities greater than that of lithium-ion 
batteries. However, there are many technical challenges still to overcome for these batteries 
to be commercially viable. One of them is to optimise the pore size distribution of the 
electrodes to allow for optimal mass transport, and thus optimal specific energy/power. Many 
different research groups are currently working on addressing this issue (among other issues) 
worldwide and have been for many years.  
Another testing method typically used in industry and academia is modelling. This involves 
carrying out computer simulations in which the processes occurring during operation in a 
device are predicted. Simulations eliminate the need for a large amount of experimental testing 
of different cell configurations, as a validated system would be able to predict the effects of 
certain material properties (including a different pore structure) on the processes within the 
cell. Many simulations are carried out using existing software, or they can be carried out with 
programs written by users and validated against existing experimental data. Simulations can 
tell a user all about the inner workings of a cell and the variables that affect the cell operation. 
This gives extensive understanding of the operation of a cell and allows for selection and the 
design of materials to optimise the processes within the cell.  
In a constantly evolving field, simulations offer an advantage over experimental testing in that 
they can provide faster results at a lower cost than experimental studies. However, simulation 
software often makes assumptions about certain material properties which can lead to 
inaccurate results. Often, the materials used in the manufacture of batteries and capacitors 
are complex and highly porous materials. The accurate modelling of these requires a large 
amount of computing power and complex and expensive pieces of software. Without complex 
software, simulations in the electrode regions break down the porous structure into a uniform 
homogenous structure and assume an overall value of the porosity. This is the basis of 
continuum models. More specifically, previous and current models of ion transport and 
electrochemical processes in a continuum consider a single uniform pore throughout the 
spatial domain in the electrode material. Therefore, it was recognised that there is a need to 
develop a continuum model taking into account the pore size distribution of the electrode 
materials in order to gain accurate simulation results.  
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1.2. Aims and objectives 
The main aim of this work was to develop a novel method for the simulation of the processes 
in energy storage devices, taking into account the effects of complex pore structures of 
materials. The aim was for this to be done in as simple a way as possible, and thus to not 
require any complex and computationally demanding software. This method would also need 
to be transferrable across different kinds of energy storage devices, thus demonstrating a 
versatile and universal method. This method would be applied to models for three different 
devices: a supercapacitor, a lithium-sulphur battery, and a lithium-air battery. All of these 
devices have been reported to require electrodes made from porous materials.  
This addresses the need for a simple and effective program which allows for simulation of 
energy storage devices using materials with complex pore structures. An appropriate method 
would allow for: 
• Representation of different pore sizes and structures within a porous material. 
• Accurate modelling of the relevant ion species transport through pores of different 
sizes and other electrochemical processes, such as redox reactions in batteries.  
• Implementation of the model into programs written by the author in the selected 
language. 
Meeting these objectives required full analysis and understanding of the microstructure and 
properties of the materials utilised in different variations of the three storage devices detailed 
above. The novel method was developed and applied to models to incorporate the effects of 
complex pore structures of electrodes and was implemented into a program without the need 
of expensive modelling software. The final objective was to carry out simulations for selected 
case studies of supercapacitor, Li-S battery, and Li-air battery electrochemical processes and 
validate these models by comparing the simulation results with experimental data. This 
experimental data used for the validation process came from the literature, as well as 
experimental work carried out by both the research group and as a part of this project.  
 
1.3. Outline and thesis structure 
This thesis will be structured as follows. In Chapter 2, the literature pertaining to the three 
different devices of focus in this study will be reviewed and critiqued. This will involve not just 
models and simulations of the operation of these devices, but also many experimental pieces 
of work. This allows for determination of the current status of the global research in each of 
these areas. In Chapter 3, the methodology followed for the experimental work carried out for 
validation of these models will be detailed. In Chapter 4, the models for each of the three 
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devices shown above will be presented, along with the equations developed to determine each 
of the variables calculated in the models and the solving methods thereof. Many of the 
principles and parameters used are transferrable between the models detailed in this thesis, 
and thus this gives a central set of information to which reference can be made. 
In Chapter 5, the results of the supercapacitor simulations will be presented. This will outline 
the different configurations simulated and will be validated against existing experimental data. 
In the Chapter 6, the results of the simulation of the discharge of a lithium sulphur battery will 
be presented. This is also validated against existing experimental data in the literature. In 
Chapter 7, the results of the lithium-air battery simulations will be presented. There will be two 
case studies, with the simulations validated against both experimental data carried out as a 
part of this work and published experimental data respectively. Finally, in Chapter 8, these 
simulations results and the modelling techniques utilised in this project will be discussed and 
critiqued.  
 
 
 
Chapter 2: Literature Review 
Joshua Bates   34 
 
2. Literature Review 
2.1. Introduction 
In this chapter, the current research status for battery and supercapacitor devices will be 
detailed based on published literature, in particular focussing on high capacity chemistries. 
This will be a review of both experimental and simulation research for electrochemical 
supercapacitors, lithium-oxygen batteries, and lithium-sulphur batteries. The simulation of 
these devices will be related to the objectives of this project. Different models will be reviewed 
in terms of predicting the device performance based on key properties, ion transport, and the 
reaction kinetics (where the batteries are concerned).  
 
2.2. Electrochemical Double-Layer Capacitors 
2.2.1. First principles of capacitors and supercapacitors 
Capacitors are an energy storage device in which charge is stored in the presence of an 
electric field. In general terms, capacitors typically consist of two electrical conductors 
(electrodes) separated by a dielectric. This dielectric medium is defined as an insulating 
medium which is able to polarise when an electric field is applied across it (i.e. when a power 
source is connected to a capacitor). This induces a positive charge one electrode and a 
negative charge on another. Capacitors are able to retain energy once the field is removed.  
The general principle of capacitance applies in many different components, where a charge is 
induced and subsequently stored on the surface of a material due to an applied electric field. 
Basic capacitors are assessed in terms of their capacitance, the unit of which is the farad (F). 
Capacitance is defined as the ratio of the electric charge (in coulombs (C)) to the potential 
difference (in volts (V)) between the electrodes. This is defined in Equation 2-1 where 𝐶 is the 
capacitance, 𝑄 is the electric charge, and 𝑉 is the cell potential (Lu et al. 2013). 
𝐶 =
𝑄
𝑉
 (2-1) 
Electrical charge (Q) is expressed as the product of current (in amperes (A)) and time (in 
seconds (s)) as per Equation 2-2 (where  𝐼 is the current and 𝑡 is the time). Therefore, the 
capacitance of a capacitor can be defined as the current it can supply over a period of time 
per unit cell potential.  
𝑄 = 𝐼𝑡 (2-2) 
As stated in the previous chapter, capacitors typically have a high power density but low 
energy density relative to batteries. This means their applications are typically in fields which 
Chapter 2: Literature Review 
Joshua Bates   35 
 
require a short energy burst, such as in power systems. Improving on this energy density and 
bridging the gap between batteries and supercapacitors is where much of the ongoing 
research is focussed, which would improve the applicability of capacitors. Capacitors with 
higher energy density are often referred to as supercapacitors, or electrochemical double-
layer capacitors (EDLCs). 
The typical EDLC structure consists of two conductive electrodes separated by an insulating 
separator or dielectric medium (Yu et al. 2013). The electrodes can be identical (symmetric 
cell) or made of different materials (asymmetric cell). The typical cell structure can be seen in 
Figure 2-1. The dielectric in a supercapacitor is an electrolyte containing both positively and 
negatively charged ions, which could be a liquid or a solid-state electrolyte. Applying an 
electric field through a material induces a surplus of electrons on one electrode and a deficit 
on the other, which facilitates diffusion of the oppositely charged ions in the electrolyte to the 
electrode surfaces (Yu et al. 2013). This is the charging process of a supercapacitor. 
 
 
Figure 2-1 - EDLC on charge and discharge.  
 
Where a supercapacitor and a capacitor differ principally is the peak capacitance achievable, 
in which the supercapacitor is able to achieve values of capacitance in the order of thousands 
of times higher than a regular capacitor. This is achieved due to the structure of a 
supercapacitor. A capacitor consists of two electrodes separated by a dielectric, where the 
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electron surplus and deficit are induced by the applied electric field. A supercapacitor also 
consists of two electrodes, but the dielectric is typically an electrolyte and a separator. 
Electrodes are typically coated with high surface area carbon, which increases the possible 
areal density for oppositely charged ions to adhere to the surface of the electrode. To 
discharge the supercapacitor, an external load is applied across the electrodes. A current in 
the load is induced by the ions in the dielectric medium dissociating away from the electrodes. 
Thus, there is no longer a potential between them, and the supercapacitor is discharged.  
The capacitance of a supercapacitor is affected by several different factors. These include: 
the electrode surface area, the separation distance between the electrodes, and the 
permittivity of the dielectric used (Lu et al. 2013). The effects of each of these factors on the 
capacitance of a capacitor can be seen in Equation 2-3, where 𝜀0 is the permittivity of free 
space (8.85x10-12 F/m), 𝜀𝑟 is the dielectric constant of the medium between the plates (F/m), 
𝐴 is the area of the electrodes (m2), and 𝐷 is the distance between the electrodes (m) 
(Weisstein 1996, Lu et al. 2013). 
𝐶 =
𝜀0𝜀𝑟𝐴
𝐷
 (2-3) 
The optimal capacitance of a supercapacitor can therefore be achieved in principle by 
manufacturing supercapacitors with a high electrode surface area in a dielectric medium with 
a high permittivity. The capacitance of a supercapacitor is used to determine the energy and 
power density of the supercapacitor, which is demonstrated in Equation 2-4 and Equation 2-5 
respectively. This is useful as it allows the expression of the usefulness of a capacitor in real 
terms (Lu et al. 2013). 
𝐸𝑘 =
1
2
𝐶𝑉2 (2-4) 
𝑃𝑚𝑎𝑥 =
𝑉2
4𝐸𝑆𝑅
 (2-5) 
Dielectric media can be a number of different materials, as long as they exhibit electrical 
insulation. Typical examples include: air, paper, porcelain, or titanate (among others) (Yu et 
al. 2013). There are three basic types of capacitor which follow the general structure detailed 
here, which are: electrostatic capacitors, electrolytic capacitors, and EDLCs. Electrostatic 
capacitors utilise electronically insulating dielectrics, such as ceramics and polymer films. 
These capacitors typically have the lowest energy density of the three. Electrolytic capacitors 
use an electrolyte and a dielectric that is very thin and is typically an oxide layer grown on the 
anode surface. These have the capability of storing up to ten times more energy than 
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electrostatic capacitors. The highest energy density can be achieved using EDLCs (Shukla et 
al. 2012). 
In an EDLC, an electric double layer exists at the electrode/electrolyte interface at the surface 
of the electrode. An electric double layer is a model used to define how solvated ions move in 
an electrolyte at the surface of the electrode. When the electrode in an EDLC is charged, ions 
diffuse through the liquid electrolyte to the surface of the electrode with the opposing charge. 
This forms a layer of ions with the opposing charge directly at the surface of the electrode. 
The ionic movement in this method causes a potential difference of the layer from the bulk 
electrolyte (New Mexico State University n.d., Libich et al. 2018). A visualisation of this can be 
seen in Figure 2-2. 
 
 
Figure 2-2 – Diagram illustrating ionic diffusion in the electrolyte of an EDLC near the electrode surface.   
 
The electric double layer (EDL) is named as such due to the two parallel regions of opposing 
charges at the surface of the electrode (the electrode and the adsorbed ions). The EDL is 
typically very thin (1-3 Å) as the charge separation is in region of 10-9 m. Within the EDL the 
energy is stored in an electric field as per a typical electrostatic capacitor. It has been 
demonstrated as an important aspect of electrochemistry to study as it dominates the charge 
transfer reaction rates in a cell (Shukla et al. 2012).  
There are several theories that currently exist as to how the EDL can be modelled. The original 
approximation of the EDL is known as the Helmholtz Double layer theory. This theory states 
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that the charge is cancelled out at the interface by the layers of opposing charges. The 
potential in the electrolyte drops linearly from the surface into the bulk electrolyte, as 
demonstrated in Figure 2-2. This theory assumes that the parallel layers of ions which build 
up on top of one another are rigid, which is not the case experimentally. The Gouy-Chapman 
Double Layer improves on this assumption. This theory states that a number of ions at the 
electrode surface attracted by the electrode surface charge attracts an equal number of 
oppositely charged ions at the surface from the electrolyte. This induces an interfacial surface 
potential. The ions are therefore not permanently held in place but diffuse gradually until the 
potential gradient is in place (New Mexico State University n.d., Libich et al. 2018). This is 
known as the diffuse double layer, in which the electrode surface is modelled as a rigid surface 
and the opposing layer is a thicker layer of oppositely charged ions. The concentration gradient 
in this layer changes gradually into the bulk electrolyte which induces a more gradual potential 
in the EDL (Garmanage n.d., Libich et al. 2018). This change in potential is shown in Figure 
2-3. 
 
 
Figure 2-3 – An image demonstrating the potential change in the bulk electrolyte following the diffuse layer charge 
model.  
 
The Gouy-Chapman double layer theory is an improvement over the Helmholtz theory, 
however it still is not an accurate representation of the EDL. Experimentally, the Gouy-
Chapman theory under predicts the EDL thickness. It also makes the assumption that ions 
behave as single point charges in the bulk electrolyte (New Mexico State University n.d.). A 
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further improvement on this model is the Stern model. This version combines the rigid 
Helmholtz layer with the diffuse double layer from the Gouy-Chapman theory. The basis of 
this model is that ions in the electrolyte are modelled to have a solvated shell of ions from the 
electrolyte solvent surrounding them (Garmanage n.d.). This gives the ions in the electrolyte 
a finite size which is closer to reality than modelling them as point charges. This means that 
the ion charge is assumed to be not directly on the surface but at a distance d away from it, 
where d is the radius of the ion. This adsorbed surface layer of solvated ions is known as the 
Stern layer. This is demonstrated as the compact layer in Figure 2 2. In summary, a surface 
potential is formed between the charged plate and ions in the electrolyte. The potential change 
is linear in the stern layer, and gradual in the diffuse layer. This tends to zero at the boundary 
of the diffuse layer within the bulk of the electrolyte (New Mexico State University n.d.). 
In an EDLC, the surface area of each electrode acts as a capacitor as the energy is stored in 
an electric field across the double layer. This means that each electrode double layer has its 
own individual capacitance. The overall equation of the capacitance of an EDLC is calculated 
using Equation 2-6, where 𝐶+ is the capacitance of the positive electrode (F), and 𝐶− is the 
capacitance of the negative electrode (F) (Taberna and Gaspard 2013).  
𝐶 =
𝐶+𝐶−
𝐶+ + 𝐶−
 (2-6) 
A more accurate calculation of the capacitance of an EDLC utilises the modelled capacitance 
of the diffuse layer as well as the capacitance of the Helmholtz layer. The capacitance of the 
Helmholtz layer is assumed to be that of a conventional dielectric capacitor, as expressed in 
Equation 2-3. The capacitance in the diffuse layer can be calculated using the Poisson-
Boltzmann equation. This is expressed in Equation 2-7, where 𝐶𝑑𝑖𝑓𝑓 is the capacitance of the 
diffuse layer (F), 𝑛 is the number of ions in the bulk electrolyte, 𝑒𝑐 is the elementary charge 
(C), 𝑘𝑏 is the Boltzmann constant (J/K), and 𝑇 is the temperature (K) (Kang et al. 2014). 
𝐶𝑑𝑖𝑓𝑓 = (
𝑛𝜀𝑟𝑒𝑐
2
2𝜋𝑘𝑏𝑇
)
1
2
cosh (
𝑒𝑐𝑉
2𝑘𝑏𝑇
) (2-7) 
As per the EDL structure, the overall capacitance of an EDLC can be calculated by modelling 
the capacitance of the Helmholtz layer and the diffuse layer as if they were two capacitors in 
series. The calculated total capacitance of an EDLC (𝐶𝐸𝐷𝐿𝐶) is therefore be expressed in 
Equation 2-8, where 𝐶𝐻 is the capacitance of the Helmholtz layer (Kang et al. 2014).  
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1
𝐶𝐸𝐷𝐿𝐶
=
1
𝐶𝐻
+
1
𝐶𝑑𝑖𝑓𝑓
 (2-8) 
 
2.2.2. EDLC materials 
In this section, the materials typically used to make EDLCs and their effects on the cell will be 
summarised. EDLCs typically consist of two activated carbon electrodes and an aqueous or 
non-aqueous electrolyte. The carbon electrodes are coated on to current collectors, which are 
typically aluminium or stainless steel foils. A binder is mixed into the coating slurry with the 
active material to aid adhesion, which is typically PTFE or PVDF (Taberna and Gaspard 2013). 
Alternative materials can be used which do not require a binder, such as activated carbon 
fibre. Many components are analysed using different characterisation techniques, where 
different properties of each material are determined. All of these characterisation techniques 
will be explored in Chapter 3 of this thesis. Each component of the cell will now be discussed 
in more detail.  
Carbon, in its most basic form, offers many advantageous properties when used in EDLCs. It 
is lightweight, cheap, and offers high electrical conductivity. Carbons also exist in a variety of 
different states, such as powders, fibres, and tubes (in the form of carbon nanotubes (CNTs)) 
(Zhai et al. 2011). As well as the above properties, carbons also offer a high specific surface 
area once they have gone through an activation process. A high specific surface area 
increases the capacitive capability of a material (Taberna and Gaspard 2013). 
Activated carbon (AC) is, in its most basic form, an activated form of charcoal. Charcoal is 
formed by combusting raw materials (typically wood). This charcoal then undergoes an 
activation process to increase adsorption and create the highly porous surface characteristic 
of activated carbon. This can be carried out through one of two processes: thermal activation 
or chemical activation. Thermal activation involves reacting the carbonised material with air or 
CO2 at very high temperatures (873-1173 K). Chemical activation involves carbonising the 
material in the presence of an activating agent, such as KOH. Both result in a highly porous 
material with a high surface area (Menéndez et al. 2010). The pore volume and the specific 
surface area gained in an AC depends on the precursor material and the activation process, 
meaning that it can be altered to often give the desirable characteristics (Härmas et al. 2018). 
Activated carbons are typically supplied as powders with particle sizes from the µm range to 
the mm range but can also take the form of activated carbon fibres (Chen 2017). These will 
be explored further in this section.  
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Extensive investigations have been carried out to observe the effects of AC properties on the 
activity of EDLCs. Shi (1996) was one of the first to investigate the effects of the hierarchal 
pore structure on the activity of EDLCs. This involves looking at materials with pores classified 
in differing size ranges, namely: microporous (pores less than 20 Å), mesoporous (pores 
between 20 and 500 Å), and macroporous (pores greater than 500 Å) (Shi 1996). These pore 
classifications are an industry standard and will be used as such in this thesis. Full 
characterisation of the pore structure of nanocarbons can be difficult due to their size and 
complexity, however this study aimed to demonstrate that techniques readily available can be 
used to gain information on the pore sizes.   
It has been demonstrated that the manufacturing method of ACs can alter the properties 
significantly (Liao et al. 2012). Much of the study in EDLCs has been focussed on tinkering 
with activation methods of AC manufacture to give an optimal specific surface area. Typically, 
ACs are formed from coal as a precursor. This is due to the abundance of coal and the low 
cost of the raw material (Ahmadpour and Do 1996). The activation process of this dominates 
the end porous structure of the AC, and thus the performance of the material in an EDLC. One 
of the earliest studies into the effects of the chemical activation is shown in Ahmadpour and 
Do (1996). In this, AC is prepared from bituminous coal using activation agents KOH and 
ZnCl2. The coal was activated with these agents in different chemical ratios to find the chemical 
activation process that gave the optimal surface area and pore structure for an EDLC. The 
results looked at the effects of these ratios on the carbonisation time, carbonisation 
temperature, chemical ratio, coal particle size, and the mechanism of the activation reactions 
(Ahmadpour and Do 1996). Liao et al. (2012) proposed a method of activation of green 
mesophase powder (GMP) using activating agent KOH. This is a powder which gives a 
mesophase structure of AC.  
ACs were characterised using N2 adsorption at 160 oC, and the adsorption isotherms used to 
determine the Butler-Emmett-Teller (BET) surface area and the mesopore/micropore volume. 
This technique will be discussed further in Chapter 3 of this thesis. This study demonstrated 
that using chemical activation methods gave ACs with much higher micropore volumes and 
higher specific surface area than using physical activation methods. This paper also 
establishes that using KOH as a as the activating agent increases the presence of micropores 
in comparison to using ZnCl2 (Ahmadpour and Do 1996).  
Characterisation of ACs and other materials is paramount to understanding the effect of pore 
sizes, specific surface area, and the pore size distribution on EDLCs. The parameter effects 
on specific capacitance are investigated experimentally in Härmas et al. (2018). They 
determined that increasing the specific surface area and the total pore volume increased the 
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total specific capacitance linearly to a plateau, where the plateau is dependent on the cell 
configuration used. They also determined that highly microporous materials are unsuitable for 
EDLC applications due to the low transport properties in small pores with viscous electrolyte 
(Härmas et al. 2018).  
In terms of the pore sizes, it stands to reason that ionic size must come in to play. This is due 
to the fact that pores smaller than the ion forming the double layer would clearly be unable to 
accommodate the ion, and as such would not contribute to the capacitance of the cell (Chmiola 
et al. 2006, Huang et al. 2008). However, it has been determined experimentally that sub-
nanometre pores do have an effect on capacitance. This is due to the fact that the solvation 
shell of solvent molecules that forms around the ion in an electrolyte is able to distort and 
squeeze into smaller pores in the sub nanometer range. These ions are therefore closer to 
the pore wall and thus increase the overall specific capacitance, as per Equation 2-3 (Härmas 
et al. 2018).  
Knowing this, there have been many studies into what the optimal pore size and pore size 
distribution (PSD) would be for a supercapacitor. An effect has been observed in multiple 
studies in which a carbon with an average pore size identical to that of the un-solvated ion 
gives the highest possible capacitance for the cell configuration tested (Chmiola et al. 2006, 
Largeot et al. 2008). Expanding this further, it is shown that carbons with a monodispersed 
PSD give the highest average capacities, and carbons with broad PSDs demonstrate little 
effect on the overall capacitance (Kondrat et al. 2012, Taberna and Gaspard 2013). The 
definition of the PSD will be given in Chapter 3 of this thesis. Other studies have investigated 
the effect of different functional groups on the surface (Abouelamaiem et al. 2018b).  
The effect of specific surface area on cell capacitance has also been explored and has found 
to vary from case to case. It has been demonstrated that there is in an increasing linear 
relationship with micropore surface area and specific capacitance of the cell (Shi 1996). 
However, other studies have shown this relationship is not linear, and in fact capacitance 
increases with specific surface area to a plateau (Taberna and Gaspard 2013).  
In Jänes et al. (2007), x-ray diffraction (XRD) and gas adsorption were used to evaluate the 
structural changes in carbon brought on by a thermal activation process. A commercial carbon 
powder was activated using a sealed furnace heated to temperatures ranging from 950 oC to 
1150 oC.  The XRD determined that the activation process at a higher temperature promoted 
a more ordered structure of the graphite layers (Jänes et al. 2007). Nitrogen adsorption was 
also used to gain the adsorption isotherms of the carbon activated at different temperatures. 
This isotherm shape corresponds to a microporous material (Aranovich and Donohue 1998) 
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(Jänes et al. 2007). This, along with other studies, has demonstrated that a pore structure can 
be tailored in the manufacture of an AC.  
The ACs were assembled in capacitor cells with aluminium current collectors and a non-
aqueous (C2H5)3CH3NBF4 in AN electrolyte. Analysis of the isotherms determined that 
activation at a temperature of 1050 oC created an AC with an optimal BET calculated surface 
area and PSD, where the highest pore volume and surface area increases are seen in the 
micro to nanopore ranges. The BET calculated surface area was in the range of 1500 m2/g, 
which is in line with other ACs used in the literature. Using this AC in the supercapacitor cell 
gave an electrode capacitance of 240 F/g (Jänes et al. 2007). This work demonstrates that an 
increase of the pore volume in the micropore to nanopore range gives a more optimal 
capacitance of the cell. 
Early studies in the use of AC electrodes in EDLCs were focussed on optimisation and 
improvement of the materials used. Yoshida et al. (1992) reported an EDLC manufactured 
using AC electrodes coated on to an aluminium foil current collector and a tetraethyl-
ammonium tetrafluoroborate (TEA-BF4) electrolyte with a propylene carbonate (PC) solvent. 
The average particle size used in the coating powder is 10 µm. This paper is one of the first 
studies to develop the use of AC in EDLCs (Yoshida et al. 1992). However, the direct analysis 
of the structure of the EDLC and the effect this has on the performance of the cell was limited 
in this study. 
An advantage of carbonaceous materials is that they are readily available in many different 
structures, such as nanotubes, fibres, and graphite flakes. Activated carbon fibre (ACF) was 
first used as an electrode material in 1984 (Obreja 2007). ACF is typically a carbon fibre that 
has undergone an activation process similar to one of the processes detailed in this section. 
Early versions of ACFs had an estimated specific surface area of 1500-2500 m2/g. From this 
early version of the material, a specific energy of 36.2 Wh/kgACF and a specific cell capacitance 
of 36.5 F/gACF were achieved (Obreja 2007).  
ACF electrodes in EDLCs were also investigated in Yoshida et al. (1987). In this study, phenol 
resin-based fibres were activated using a thermal activation process. This increased the 
specific surface area from 10 m2/g to 2500 m2/g through the formation of micropores on the 
surface of the fibres. An EDLC was assembled with these fibres utilising a spray coating of 
aluminium as the current collector (Yoshida et al. 1987).  
More recently, ACF supercapacitors were explored in Markoulidis et al. (2017). In this study, 
a model is presented and validated through experimental procedures by manufacturing 
symmetric supercapacitors with ACF electrodes. The theory is that the high surface area and 
large micropores of the Kynol ACC-507-20 with an organic electrolyte has many mid and high 
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voltage range applications. In this, it was found that there was a high contact resistance 
between the ACF and the current collector. In this study, 4 cm2 area electrodes were cut and 
assembled to make symmetrical EDLCs with an organic electrolyte and an aluminium foil 
current collector. This study required that the conductivity of the current collector be improved 
with the addition of a carbon black (CB) coating on the aluminium foil. This study demonstrated 
that the ACF is the component that facilitated the high power density of 9 kW/kg achieved 
(Markoulidis et al. 2017). Further application of the model presented in this study will be 
explored further in this chapter.  
EDLCs with the use of pure AC electrodes can give lower than the theoretical specific 
capacitance. A reason for this is believed to be the wettability of the carbon pores in the 
electrodes. In order for the EDL to form, the pores must be fully wetted with electrolyte. If there 
are too many pores which are too small for the ions to penetrate, the overall specific capacity 
will be reduced from the theoretical maximum (Fang and Binder 2006). To improve the 
performance of pure carbon electrodes, surfactants can be added to the electrode to improve 
performance. An activated carbon EDLC with surface modifications is demonstrated in Fang 
and Binder (2006). This study involved adding hydrophilic functional groups to the 
carbonaceous surface through exposing the AC powder to the surfactant vinyltrimethoxysilane 
(vtmos) for 12 hours (Fang and Binder 2006). This surfactant is often used as an adhesion 
promoter and improves hydrophobisation of an AC surface.  
All of the methods of activation presented here generate high specific surface area carbons 
which give a high contribution to capacitance when used in a supercapacitor. Simulation work 
is often used to test the activity of certain cell configurations, which will be discussed in the 
next section.  
Outside of ACs, other EDLC configurations have been explored. Redda et al. (2019) measured 
the capacitive properties of vertically aligned carbon nanotubes (VACNT) on an aluminium 
foil, where the electrode surface was both treated and untreated with anatase (TiO2). VACNT 
was used due to its high conductivity, transport properties, and structural rigidity (Redda et al. 
2019). Due to this, CNT is used extensively throughout the literature also (Chen et al. 2011, 
Tang et al. 2012, Wang et al. 2006). Bauer et al. (2018) proposed a hybrid battery/EDLC 
system, which consisted of a high surface area carbon electrode and a battery electrode. The 
hybrid system worked on charging by the insertion of sodium ions into the molybdenum-based 
anode, and the adsorbtion of anions onto the carbon based electrode. This, when surface 
treated with TiO2, demonstrated high power densities (Bauer et al. 2018). 
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2.2.3. EDLC Modelling 
As discussed previously, the microstructure and macrostructure of a nanocarbons have been 
determined experimentally to have significant effects on the behaviour of an EDLC. 
Parameters such as specific surface area and total pore volume have been previously 
investigated experimentally to determine their effects on the capacitance of an EDLC (Kondrat 
et al. 2012). Determining the optimal structure of a nanocarbon is therefore of paramount 
importance in maximising the capacitance and specific energy of the EDLC. Experimentally 
determining this can be costly in a time and economical manner. Therefore, accurate 
simulations of the effect of material structures on EDLC activity ease this demand. This section 
will explore the published literature on the different modelling approaches in the simulation of 
EDLCs.  
 
2.2.3.1. Equivalent circuit models 
Modelling of the activity of an EDLC can be carried out on several different scales. An 
equivalent circuit model can be used to simulate an EDLC in the simple macro scale following 
a systematic approach. An equivalent circuit model is a method in which more complex 
electrochemical devices are simulated from combining simpler circuit components following 
simple circuit theory and laws. An EDLC expressed in an equivalent circuit is composed of a 
set of capacitors, resistors, and other electric circuit components in both series and parallel. 
Components are arranged in such a way in a circuit in that following circuit theory (such as 
Kirchhoff’s laws and Ohm’s law), an impedance can be produced from an input that emulates 
another device (Johnson 2003). Equivalent circuit models offer a simplistic overall 
representation of an electrical component without the need for complex modelling of diffuse 
media and other parameters in a cell. They also require fewer input data, as other more 
complex models often rely on fitted parameters to fit models to experimental data (Hu et al. 
2012). Software is also commercially available that allows simple equivalent circuit modelling, 
such as Multisim and COMSOL. Using the circuit theory and first principle equations described 
in section 2.2.2, a mathematical model can be derived from the equivalent circuit (Cultara and 
Salameh 2015). 
The basic structure of the simple equivalent circuit model for a supercapacitor is shown in 
Figure 2-4. This is known as a first order model, which is representative of the capacitance of 
compact layer of ions in the EDL (as described above). However, as discussed earlier, the 
several different layers of an EDL contribute to the overall capacitance of the EDLC. Higher 
order modelling involves using a series of first order models to represent the capacitance of 
each layer. In this image the series resistance (Rs) contributes to the energy loss on cycling, 
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whilst the parallel resistance (Rp) represents the energy loss from self-discharge in the 
supercapacitor. The inductance (L) is representative of the structure of the supercapacitor 
(Cultara and Salameh 2015). This will be discussed in more detail here. 
 
 
Figure 2-4 - The first order equivalent circuit model for a supercapacitor.  
 
An early equivalent circuit model for a supercapacitor is proposed in Fletcher et al. (2014). 
This model looks to consider the pore structure of the electrode. As shown in Equation 2-3, 
increasing the surface area of the electrode increases the capacitance of the EDLC. 
Increasing the surface area in a porous structure can be done by reducing the overall average 
pore size, however this comes with an increase in the overall resistance of the electrode. It is 
therefore a requirement to find the optimal trade-off between these two parameters. The 
equivalent circuit model can be used to gain an overall pore structure picture without having 
to map ion diffusion in pores. The capacitance in each pore is represented using an RC circuit, 
as demonstrated in Figure 2-5. An RC circuit is used as the parameters can be adjusted to 
match the capacitance of the supercapacitor and the internal resistance of the pore being 
measured (Fletcher et al. 2014). An RC circuit consists of a capacitor and resistor in series. A 
current flowing through the resistor will charge the capacitor, and the time response will vary 
depending on the parameters that apply to these components (Electronics Tutorials 2018).  
 
 
Figure 2-5 - The equivalent circuit model used to model a supercapacitor with an RC connected in series to an RC 
ladder, where the ladder represents charge transfer between a pore hierarchy.  
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The RC transmission line is a simplification of the representation of the charge transport from 
one pore size to another, where each pore size is represented by an RC circuit line in the 
ladder. The assumption here is that each of the pore sizes and shapes are uniform, which is 
not necessarily the case in a true electrode. However, simple pore structures can be simulated 
in this way through connecting the RC circuit in the structure that represents that of the 
electrode. If each RC line represents a pore, connecting them in either series or parallel can 
be used to show diffusion of the media between the pores by current flow. A circuit proposed 
in Fletcher et al. (2014) represents a supercapacitor with a porous structure by using a vertical 
ladder in which a set of RC lines are placed vertically in parallel with a single RC in series. 
The set of RCs in the ladder represent the pores in the structure, each of which will have 
different values of resistance and capacitance. Higher surface area pores of smaller size will 
have a higher capacitance and a higher resistance, and vice versa. It has been demonstrated 
that the electrolyte resistance of filled pores is higher than the electrode surface resistance, 
which shows that electrolyte resistance within the pores dominates cell behaviour (Fletcher et 
al. 2014). Whilst this is a good representation of the pore structure in a nanocarbon, the use 
of an RC line is an oversimplified representation of a pore structure due to the assumptions 
made.  
 
 
Figure 2-6 – An image of the equivalent circuit model proposed in (Kang et al. 2014) to represent an EDLC. CPE 
represents the Constant Phase Element model of each different layer. In this instance, 𝐶𝑃𝐸𝑏𝑢𝑙𝑘 represents the bulk 
electrolyte, 𝐶𝑃𝐸𝐻 represents the outer Helmholtz layer, and 𝐶𝑃𝐸𝑎𝑑𝑠 represents the adsorption layer (or the inner 
Helmholtz layer). Positioning the components in parallel in this way follows that the current drawn at each layer is 
not equal.  
 
An equivalent circuit model proposed in Kang et al. (2014) simulates the EIS response of an 
EDLC. This goes further than the individual RC line proposed in Fletcher et al. (2014). This 
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model follows the Graham model of an EDLC, in which the capacitive behaviour of an EDLC 
is modelled in three distinct layers: the inner Helmholtz plane (IHP), the outer Helmholtz plane 
(OHP), and the diffuse layer. In the circuit, the components are mounted in parallel. This 
implies that the current drawn by each component is not equal. The IHP consists of adsorbed 
ions on the surface of the electrode, with thickness being the adsorbed ionic radius. The OHP 
is formed by the solvated ions on the electrode surface, and the diffuse layer by the bulk 
electrolyte (Kang et al. 2014). The equivalent circuit used in this publication is shown in Figure 
2-6. 
In this equivalent circuit, constant phase elements (CPEs) are used instead of capacitors as 
a representation of an electric double layer. CPEs represent a circuit component with an 
associated impedance which is independent of the input potential frequency (this will be 
explained further later). Figure 2-6 demonstrates that the capacitance of an EDLC can be 
simulated using the individual impedances of each layer formed in the EDL.  
Further to this, each component has an associated capacitance (as per Equation 2-8). 
Equation 2-8 can be expanded upon to include the adsorption layer, and this can be seen in 
Equation 2-9. In this equation, the denoted capacitance of each component is the capacitance 
generated by each CPE in Figure 2-6. 
𝐶𝐸𝐷𝐿𝐶 = 𝐶𝑎𝑑𝑠 + 𝐶𝐻 + 𝐶𝑏𝑢𝑙𝑘 (2-9) 
This stands that the overall capacitance of the EDLC can be expressed in an equivalent circuit 
form with these three components in parallel with one another. This model was used to predict 
the EIS behaviour of an EDLC, which it was able to do accurately.  
Other equivalent circuit models have been proposed in the literature. Sedlakova et al. (2015) 
proposed a different model in which the time dependent voltage changes are measured using 
the redistribution of charges in the electrode, measured by an exponent term which changes 
with time. In this, the capacitances of the Helmholtz layer and the diffuse layer are represented 
by fixed capacitors, with their resistances measured as resistors in series with one another. In 
this circuit, there is a time-dependent resistor in series with the capacitor representing the 
diffuse layer. This represents the resistance between the Helmholtz layer and the diffuse layer. 
This increases with a factor of time to represent the decrease in probability of ion diffusion as 
the charge layer builds up. This paper derived analytical functions to describe this change in 
resistance, and thus the ionic movement in the EDLC (Sedlakova et al. 2015). This is a more 
detailed equivalent circuit model in which the influence of ionic diffusion is considered.  
Ding et al. (2018) recently reported a model utilising a machine learning algorithm known as 
support vector machine (SVM) a particle swarm optimisation algorithm (PSO). This is a new 
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solving method which allows for a faster run time for solving an established equivalent circuit 
model for a supercapacitor.  
Other authors have modelled the self-discharge phenomenon. This is typically the loss of 
charge with time which occurs to redistribution of the charge in the EDLC by ion diffusion and 
is expressed by a falling value of the terminal voltage of the cell over time (Saha and Khanra 
2016). Saha and Khanra (2016) propose a model in which the self-discharge is modelled in 
two different ways: the variable leakage resistance model and the charge redistribution-based 
model. The variable leakage model utilises a time-dependant resistor in parallel with the bulk 
capacitance. This is used to show the decreasing leakage current flow with time due to the 
ohmic path between the electrode-electrolyte interfaces. The charge-redistribution based 
model is identical to the circuit in Sedlakova et al. (2015), in which a variable resistor is in 
series with the diffuse capacitance to represent charge distribution (Saha and Khanra 2016). 
It was demonstrated that the charge-redistribution model follows experimental data more 
closely when known parameters are implemented into the components. It can therefore be 
concluded that this model is a closer representation of true ionic activity in an EDLC (Saha 
and Khanra 2016). 
It has been established through equivalent circuit models that micropores are intrinsic in 
increasing the overall capacitance of a cell. Graydon et al. (2014) demonstrate through an 
equivalent circuit that ion movement in micropores is limited by an increased resistance 
compared to mass transport in the bulk electrolyte. This results in a significant portion of the 
AC material being unused during fast charge/discharge of a cell (Graydon et al. 2014). PSD 
effects were also investigated, demonstrating that meso and macro pores are better at 
achieving a higher response rate than a structure with a higher micropore volume, modelled 
by varying the transmission lines for the pore sizes as per Figure 2-5 (Abouelamaiem et al. 
2018a). Charge transport in micropores will be discussed further in this section. 
 
2.2.3.2. Mean-field approximation models 
The issue with equivalent circuit models is that they do not provide a full representation of the 
activity of the ions in a cell. Electrochemical models need to capture and simulate the full 
activity of a cell, including the ionic activity in the electrolyte, to give a true representation of 
the activity of a cell. These are represented using mass transport and charge transfer 
equations at different scales. Whilst they more accurately represent the supercapacitor 
activity, they come at a cost of longer computing time (Hu et al. 2012). This section will explore 
the published literature on mean-field approximation models. 
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Mean field approximation is a theory in which larger models are simplified down by considering 
the various effects on an individual component in a system and averaging them across all of 
the components being considered. This is typically used to solve dynamic models in which the 
forces on the particles are considered (Pilon et al. 2015). Models of this type typically consider 
a full or partial cell structure and simulate the activity of the ions during the cycling activity of 
the cell. An early version of such a model is proposed in Biesheuvel and Bazant (2010). This 
model looks at a porous carbon electrode (considering only a single homogenous pore size) 
utilising equations to model the nonlinear dynamics of an electrode from an applied potential 
on the bulk solution. This followed the Gouy-Chapman model for the formation of a double 
layer at the electrode surface. This model made an assumption that there is a mass transfer 
film adjacent to the electrode (Biesheuvel and Bazant 2010). This model assumes a rigid stern 
layer, which is not necessarily true in real supercapacitors. 
The governing equations in a mean-field approximation model vary between papers in the 
literature, however the principles in the equations remain the same. An intrinsic aspect to an 
electrolyte is the effect of charge distribution on the mass transport of ions. The Poisson-
Boltzmann (PB) model is a continuum mean field approximation method in which ions in an 
electrolyte are modelled as points in thermodynamic equilibrium. This mean field 
approximation of the free energy considers terms for both the electrostatic energy of the ions 
and the entropic energy (Borukhov and Andelman 1997). The PB model has been 
demonstrated as an effective tool in the modelling of ionic concentrations close to surfaces. 
The basic PB model for a symmetric EDLC is demonstrated in Equation 2-10, where 𝑐𝑏,𝑖 is the 
bulk concentration of species i (mol/m3). 
∇2𝜙 =
8𝜋𝑧𝑒𝑐𝑏,𝑖
𝜀
sinh(𝑧𝛽𝑒𝜙)
1 − 2𝑎3𝑐𝑏 + 2𝑎3𝑐𝑏 cosh(𝑧𝛽𝑒𝜙)
 (2-10) 
The issues with the PB model stem from its inability to predict ionic concentrations in stern 
layers. This is due to the ionic size not being considered in the simple model, meaning there 
is physical size limit for the ions on the surface. Several modified Poisson-Boltzmann (MPB) 
models have been proposed which aim to address such issues.  
Wang et al. (2011) present an EDLC model in which the carbon electrode is modelled as a 
rigid structure of spherical carbon particles packed in a selection of different cubic structures. 
In this, the MPB model was used. The premise of this model is that the concentration profile 
of each component being considered is dependent on the electric field being applied to it. This 
is determined by the Boltzmann distribution. It was demonstrated further that the formation of 
the EDL is dependent on the size of the ion being modelled. This is incorporated by the MPB 
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model (Pilon et al. 2015). MPB models solve via mean field approximation, and several 
different versions exist. 
The MPB utilised in Wang et al. (2011) is known as the Bikerman model. They aimed to 
address the assumption of homogeneity (which is a part of many mean-field approximation 
models) by developing a 3D equilibrium model of carbon electrodes consisting of closely 
packed spheres with cylindrical pores. To do this, the electrode morphology was simulated in 
two problems: as non-porous carbon spheres, and as a cylindrical carbon mesopore in the 
carbon matrix. Pore structures will be explored further in Chapter 3 of this thesis. This model 
was also assumed to be in equilibrium in terms of the concentration and potential states. The 
Bikerman MPB model considers finite ion size and solves for binary and symmetric 
electrolytes. They simulated a single unit cell based on face-centred cubic (FCC) and body-
centred cubic (BCC) packing of the carbon spheres. They determined that for all morphologies 
the areal capacitance increased with particle size, and that at pore diameters greater than 40 
nm the predicted specific areal capacitance reached the same asymptote as a planar 
electrode. This signifies that as a pore gets larger, the curvature of the wall does not affect the 
formation of a stern layer (Wang et al. 2011). 
The conclusion of Wang et al. (2011) also demonstrates that the packing structure of the 
carbon particles had no effect of the specific areal capacitance for pores above 40 nm. This 
demonstrates that assumptions often made in modelling may only be applicable in the macro 
scale, so incorporating the effects of micropores is important to fully map the activity of a 
supercapacitor. This paper also only considers the activity in one electrode, assuming 
asymmetric electrodes.  
 
2.2.3.3. Mass transport models 
Whilst the mean-field approximation model has been demonstrated as a useful way of 
modelling electrolyte activity, this method has its shortcomings. The method does not 
incorporate the mass transport of the ions in the electrolyte as it makes the generalised 
assumption that the cell parameters are at a steady state equilibrium, which does not 
represent the full dynamic nature of a cell (Kashkooli et al. 2015). Therefore, it is useful to 
develop models that incorporate volume-averaged transient mass and charge transport of the 
ions to understand the full activity in a supercapacitor as this allows for detailed investigation 
into the effects of changing different parameters in a cell. These models employ a series of 
partial differential equations (PDEs) which calculate individual variables defined within a cell. 
These solve in both the time and spatial domains to give an overall dynamic system. A solving 
method will be discussed further in appendix A.1.3.  
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The structure of these models varies between publications, however a typical approach is to 
consider a one-dimensional model in the axis of current flow modelling a supercapacitor cell 
to include an electrode region (or regions) and a separator region. Boundary conditions exist 
at the current collector of each electrode, and at the surface between the separator and the 
electrode (Kashkooli et al. 2015, Madabattula and Gupta 2012). Depending on the variables 
solved for, boundary conditions can be fixed or variable.  
The Nernst-Planck equation is often used as the basis of mass transport models. The origins 
and basis of this equation will be detailed in Chapter 4 of this thesis. Madabattula and Gupta 
(2012) proposed a model in which the concentration profiles of the ions in the electrolyte are 
given by this equation. This model incorporated an ionic flux based on the formation of the 
EDL in the source term of the equation. Their overall generic mass transport equation used is 
shown in Equation 2-11, where: 𝜀 is the porosity of the carbon material, 𝐷𝑒𝑓𝑓,𝑖 is the effective 
diffusion coefficient of species i (m2/s), 𝑡𝑖
0 is the initial transference number of species i, 𝑣𝑖 is 
the dissociation coefficient of species i, 𝑧𝑖 is the charge number of species i, 𝐹 is Faraday’s 
constant (C/mol), and 𝑖2 is the current density of the electrolyte (A/m
2) (Kashkooli et al. 2015). 
𝜀
𝜕𝑐𝑖
𝜕𝑡
=
𝜕
𝜕𝑥
(𝐷𝑒𝑓𝑓,𝑖
𝜕𝑐
𝜕𝑥
) − (
𝑡𝑖
0
𝑣𝑖𝑧𝑖𝐹
)
𝜕𝑖2
𝜕𝑥
 (2-11) 
The first term in the right-hand side of this equation corresponds to the flux of species i, and 
the second term is the source term defined by the contribution from the formation of the EDL 
(Madabattula and Gupta 2012). It can be defined further in Equation 2-12, where 𝐿 is the 
electrode thickness (m), 𝑆𝑑 is the specific surface area of the sample (m
2/m3), 𝜙1 is the 
potential in the electrode (V), and 𝜙2 is the potential in the electrolyte (V). This approach 
constitutes a full representation of the two main factors influencing ionic movement in a typical 
cell, and thus the formation of the EDL. This is the factor which generates the potential in an 
EDLC . This approach is used in several other models in the literature (Drummond and Duncan 
2015, Kashkooli et al. 2015). 
𝜕𝑖2
𝜕𝑥
= −𝐿𝑆𝑑𝐶𝑑
𝜕(𝜙1 − 𝜙2)
𝜕𝑡
 
(2-12) 
Solution theories are used to describe mass transport phenomena in electrolytes in detail, 
taking into account effects from electric fields, diffusion, and convection. Migration is the term 
given to mass transport caused by an electric field, in this case the final term on the RHS of 
Equation 2-11. Basic diffusion is driven by the concentration gradient, dominated by the 
species diffusion coefficient (𝐷𝑖). Convection is caused by the forces acting on the electrolyte 
if the electrolyte flows (as in a desalination device), which is not considered in this equation 
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(Abdul-Zehra n.d.). Forces acting on molecules are considered in Molecular Dynamics 
models, shown in section 2.2.3.4.  
In order to describe mass transport based on concentration more clearly, two distinct theories 
have been developed: the dilute solution theory, and the concentrated solution theory. A dilute 
solution is one that has a low concentration of the species being solved for. It is assumed that 
the solvated ions only have interactions with other solvent molecules and interactions with 
other solvates are neglected. If multiple species are being solved for, each species is given its 
own diffusion coefficient and solved for independently (Abdul-Zehra n.d.). A dilute solution is 
one in which the ratio of the solvent to the solute is particularly high (Abdul-Zehra n.d.), 
quantified as such by the formula shown in Equation 2-13 (where Ω is a volume element 
defined as a cube of width 𝐿𝑀, and 𝑁𝑖 is the number of molecules of species 𝑖 (either the 
solvent or the solute)) (Sung and Stell 1984). 
Ω~𝐿𝑀
3 , 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 > 𝑁𝑠𝑜𝑙𝑢𝑡𝑒 > 1 (2-13) 
Alternatively, the concentrated solution theory holds the opposite to be true, in that it applies 
to electrolytes with a high concentration. In this, the effects of the respective ions in mass 
transport on one another are measured. This is carried out using the Stefan-Maxwell equation 
which relates the diffusion coefficients of the species and their velocities with the 
electrochemical potential (Abdul-Zehra n.d.).  
Convention on these forms of models has led to many different generalised theories over the 
years. These have increased ease of model development by making general assumptions to 
ease solving times. One of these is the porous electrode theory. In this, the electrode being 
modelled is considered to be a single continuum of a single pore with a uniform size. Porous 
electrodes in reality consist of many pores, the sizes of which are orders of magnitude below 
that of the electrode thickness (Drummond et al. 2015). This theory also generalises the pore 
structure by equating the charge transfer rate to the species transfer rate in the same way at 
both the microscale and the macroscale, be this caused by EDL formation or faradaic 
reactions (Biesheuvel et al. 2011). Newman’s model combines this theory with that of a 
concentrated solution and is the model on which many simulations in the literature over the 
years have been based. The basic version of this considers the porous electrode as a single 
one-dimensional pore with a uniform pore size, taking various properties of the porous 
electrode (such as porosity) as averages of the pore structure (Newman and Tobias 1962). 
Along with this approach to mass transport, the other parameters in a supercapacitor are 
typically solved for using similar equations between different models. The potential in the 
electrode and electrolyte are solved for using Ohm’s law (Madabattula and Gupta 2012, 
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Kashkooli et al. 2015), and the potential in the electrolyte is solved for using the basic 
electrolyte conductivity.  
Other main variables solved for are the current densities in the electrolyte and the electrode. 
Typically, the current density in the electrolyte can be defined by its relationship with the cell 
potential from the formation of the EDL. This is expressed in Equation 2-12. From this, the 
current density in the electrode can be defined by the conservation of charge equation. This 
is demonstrated in Equation 2-14, where 𝑖1 is the current density in the electrode (A/m
2) 
(Kashkooli et al. 2015).  
𝜕𝑖2
𝜕𝑥
+
𝜕𝑖1
𝜕𝑥
= 0 (2-14) 
Mass transport in pores is studied extensively throughout the literature. It has been established 
that mass transport in micropores is limited compared to the bulk electrolyte due to increased 
resistance, which reduces the overall capacitance possible from the theoretical (Graydon et 
al. 2014). Micropores are also known to contribute to the overall capacitance by allowing both 
solvated and non-solvated ions to diffuse in and form an EDL through rotation of anisotropic 
ions to align with the pore axis. This is known as an electric wire in cylinder capacitor (EWCC) 
(Huang et al. 2008). It is also known that capacitance increases linearly with electrode surface 
area due to additional space available for ion deposition, however at a certain cut off point this 
relationship ceases to be linear due to the increased tortuosity of the pores (Taberna and 
Gaspard 2013). 
Madabattula and Gupta (2012) demonstrate that the use of mass transport principles is an 
effective way of simulating the charging and discharging of a supercapacitor. Their model 
utilises COMSOL Multiphysics to solve the equations for 28 nodes in one and two dimensions 
in a region between the current collector of the anode and the current collector of the cathode. 
The materials making up the simulated cell were a 3M H2SO4 electrolyte with symmetrical 
porous activated carbon electrodes, utilising a single homogenous pore size. This model is a 
good basis for these equations, however it does not specify the pore structure the authors 
used. This is critical information in ensuring a representation of a porous carbon material. 
Kashkooli et al. (2015) employ these similar principles for a supercapacitor with symmetric 
electrodes. They were able to investigate the effects of the structure of the porous carbon on 
different parameters on the specific characteristics of the supercapacitor. They validated this 
model against experimental data, demonstrating the usefulness of this method. They 
concluded through altering the parameters that increasing porosity of the carbon electrodes 
proportionally increases the specific capacitance, and that increasing the electrode (in this 
case an activated carbon coating) thickness increases the specific capacitance to a parabola. 
Chapter 2: Literature Review 
Joshua Bates   55 
 
They however did not investigate the effects of the heterogeneity of a true carbon material, 
such as the pore size and shape. As such, they modelled the carbon a single uniform pore 
(Kashkooli et al. 2015). 
Kroupa et al. (2016) proposed a volume averaged, dual-porosity, mass-transport model based 
on the porous electrode theory. This theory states that the electrode being modelled consists 
of two phases, which are a solid electrode and a liquid electrolyte. It assumes that each of 
these phases are fully impregnated into one another at their respective specified volumes. 
This model incorporates a comprehensive framework closely representing the heterogeneity 
of a carbon material by introducing another dimension to represent the different effects macro 
and meso pore sizes have on transport parameters in a supercapacitor. The flux of the pore 
of one size is found and is subsequently used to determine the flux in the pore being solved 
for (Kroupa et al. 2016). Whilst this is a good representation of a carbon structure, it only 
represents two different pore sizes in the electrode. Also, the effect of the flux on the respective 
pore of the other pore size is dependent on the diffusion coefficient in the other pore and does 
not consider flux caused by current density (as per the Nernst equation). In other words, full 
mass transport is considered in the macropore and only basic diffusion is considered in the 
meso pore.   
Srinivasan and Weidner (1999) propose a porous electrode model to simulate the 
electrochemical impedance of a supercapacitor. In this model, mass transport is not measured 
and it is assumed that the concentration does not vary in the transient or spatial domains. It 
does however consider change in temperature throughout the electrodes. The impedance of 
a cell was measured using the dimensionless overpotential in the Laplace domain. This model 
was used to draw key conclusions on the activity of a supercapacitor, such as that high current 
densities give a variable current distribution in the EDL and thus reduced energy density as 
not all of the energy can be removed. This model is useful for the impedance spectroscopy 
simulations, demonstrating that as the thickness of the cell increases the capacitance 
increases proportionally to an optimal value, at which point higher frequency current densities 
cannot utilise the full EDL (Srinivasan and Weidner 1999). Whilst this model is useful as a top 
down approach, it is unable to simulate mass transport in a cell.  
Staser and Weidner (2014) expanded further on the previous model. In this, they present a 
mathematical model that simulates the charge/discharge cycling of an asymmetric 
supercapacitor. The model follows first principles for the variables solved for in the cell, many 
of which are described in Chapter 4 of this thesis. This simulation demonstrated a higher 
capacitance from an asymmetric supercapacitor than a symmetric supercapacitor (Staser and 
Chapter 2: Literature Review 
Joshua Bates   56 
 
Weidner 2014). However, no validation was carried out against experimental data, nor was 
the effect of pore size on capacitance taken into account.  
Lin et al. (1999) reported a simple analytical electrochemical model in which the formation of 
the EDL and the faradic processes of the ions contribute to the capacitance of a 
supercapacitor, calculated based on the macrohomogenous theory of porous electrodes. The 
model reported a symmetrical supercapacitor of RuO2·xH2O electrodes with fully wetted pores. 
The current density is measured with contributions from the Faradaic current and the EDL 
current and the conservation of charge equations, validating the discharge of the cell with 
experimental data. They reported that increasing the particle size, and therefore reducing the 
specific surface area, increases the energy density of the cell. They also concluded that a cell 
including both Faradaic processes and an EDL formation demonstrates a higher energy 
density than a cell with an EDL alone. Lin et al. (2002) expanded the previous model to 
investigate the effects of different carbonaceous materials with different particle packing 
effects in the electrodes on the charge/discharge of an electrochemical capacitor, once again 
including Faradaic reactions. This model includes measurement of mass transport in the cell 
through basic diffusion and the effects of concentration polarisation. They demonstrated that 
concentration polarisation is required in models to accurately predict the discharge 
characteristics of a supercapacitor, and that an optimal balance between porosity and 
micropore surface area exists for the optimal discharge characteristics (Lin et al. 2002). This 
model demonstrates that both the pore size and the particle packing have a significant effect 
on the discharge characteristics of a cell.  
Allu et al. (2014) propose a macroscale volume averaged model of a supercapacitor that is 
able to capture microscale properties of a cell and solve for the charge transfer equation. This 
is a multi-dimensional model able to solve for anisotropic properties in a single domain across 
the cell. This is useful in an AC supercapacitor due to the naturally highly disordered nature of 
the material, in that it has been demonstrated that conductivity in these materials can vary 
depending on the plane being considered. They concluded that in many cases, a 3D model is 
comparable with a 1D model. They also investigated the effect of pore tortuosity through the 
use of Bruggeman’s coefficient on the conductivity of both the electrolyte and the electrode. 
They demonstrated that reducing pore tortuosity greatly improves the storage capacity of a 
pore (Allu et al. 2014). A macro scale model of this type is useful for an overall picture, but 
mass transport models are able to give much more information on what is truly going on inside 
a cell.  
Drummond et al. (2015) propose two models, one of which accounts for the dependence of 
electrolyte conductivity on electrolyte concentration, and the other which does not. They also 
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used a spectral element method to solve the equations. For the base equations, the Nernst-
Planck equation was solved for the mass transport in the electrolyte, and Ohm’s law was used 
to solve for the potentials in the electrode and the electrolyte (Drummond et al. 2015). 
The equations and systems detailed in this section are typically solved using finite difference 
schemes, a method that will be detailed in appendix A.1.2. The general difference between 
these two methods is that spectral methods solve parameters that are dependent on local 
spatial values over an entire domain, not just the local neighbouring values as per a finite 
difference method. Spectral methods can be less computationally demanding than finite 
difference methods as they do not require many nodes in the spatial domain to gain an 
accurate solution (Gottlieb and Gottlieb 2009). This method involves solving a series of nodes 
across the spatial domain using a set of known basis functions. With a correct function set, it 
has been demonstrated that the accuracy of a spectral method is exponential with increased 
node numbers (Drummond et al. 2015). Despite these advantages, they are fundamentally 
more complex than finite difference methods, which can often be implemented with ease. They 
also cannot solve for different regions within the cell being solved for (i.e. electrodes and 
electrolytes), so as such become finite difference regimes when multiple regions are solved 
for.  
 
2.2.3.4. Molecular Dynamics 
Another form of model which looks at activity in the molecular level is a molecular dynamics 
(MD) model. These are defined as physics-based models in which interaction forces between 
individual molecules or ions are solved for, whether bonded or un-bonded, to simulate the 
activity in a cell. This is typically carried out by following Newton’s laws of motion, solving for 
the momenta of individual molecules (Allen 2004). Typically, the atoms in an electrolyte are 
modelled as point masses and Newton’s equations are integrated across N atoms to 
determine properties on the micro and macroscale (such as transport coefficients). As a result, 
they can prove to be computationally demanding (Plimpton 1995). While early MD simulations 
were only able to solve for several hundred molecules at a time, current MD simulations can 
solve for hundreds of thousands of molecules (Hospital et al. 2015). 
Ban et al. (2014) are able to demonstrate a 2D molecular dynamics model for that of a 
graphene-based supercapacitor to closely represent the pore structure of graphene. This 
demonstrated close diffusion of particles within pores of that of a similar size to the particle. 
This is a useful way of measuring diffusion when the pores are a similar size to that of the 
particle, as the macro-scale equations may not apply at this scale.  
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Despite being computationally demanding, MD models do have advantages over mass 
transport models. Instead of using macro scale equations for diffusion in small pores which 
may not apply to the diffusion of the ions in small pores, they consider the effects of individual 
pores and more accurately model diffusion. However, their difficulty to build and their 
computational demand is hampering their development.  
 
2.2.4. Summary 
Supercapacitors have the potential to offer high power density when compared to batteries, 
however it is clear from the literature that detailed models are lacking with regards to ion 
transport through pores of different sizes and a cascade of pores in the electrodes. As a result, 
there is a lack of ability to understand the optimal pore size distribution of an electrode material 
using current computer simulations. Modelling is an important aspect in the development of a 
supercapacitor as it allows prediction of the activity of cells prior to difficult or expensive 
experimental work. Based on the modelling techniques reviewed here, a new mass transport 
model was developed as part of this project to simulate the activity of a supercapacitor. As 
many of the models here assume the carbon electrodes as a single uniform pore size, the aim 
of this new model is to address this by incorporating a multi-scale PSD of pores in the macro 
to micro scale in which the mass transport of species is modelled between the pores of 
different sizes.  
 
2.3. Lithium-sulphur Batteries 
2.3.1. Lithium-Based Battery Introduction 
Whilst supercapacitors offer a high power density, some applications (such as electric 
vehicles) require a storage device with a high energy density. Batteries, in particular lithium 
ion batteries, offer a solution with high storage capability and a high energy density. The 
versatility and reactivity of lithium means that there are many different options when it comes 
to anode and cathode materials. As the theoretical limit (155 Ah/kg and 570 Wh/kg) for the 
performance of conventional Li-ion batteries has been achieved (or nearly achieved), new 
electrode materials and battery technologies need to be investigated (Knap et al. 2015a).  
Lithium-sulphur batteries have been widely investigated alongside development of the lithium-
ion battery as they have a high theoretical specific capacity of 1675 Ah/kg, and a high 
theoretical energy density of 2600 Wh/kg. Sulphur is also widely available in nature, nontoxic, 
and has a reduced environmental impact compared with other battery electrode materials 
(Knap et al. 2015a, Fan et al. 2018). This battery also offers a particular benefit to the 
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automotive industry, as the higher energy density theoretically allows production of EVs with 
3-4 times the driving range of current vehicles available on the market (Fotouhi et al. 2016).  
There are multiple issues currently plaguing development of Li-S batteries. One of the most 
intrinsic is the fact that sulphur, and the discharge products generated, are natural insulators 
(Fan et al. 2018). Another issue is the reaction mechanism, which is still a much-debated topic 
in the literature. It is known that different length polysulphuides are formed as intermediates 
as part of a multi-stage reaction, however it is unclear as to what the final precise mechanism 
is (Fronczek and Bessler 2013). These ploysulphide chains are formed by lithium ions reacting 
with sulphur, as given in Equation 2-15. It is known that these polysulphide chains vary in 
solubility, with the longer chains being more soluble than the shorter chains in organic 
electrolytes. This results in a loss of active material on cycling, as soluble chains diffuse into 
the electrolyte in a process known as shuttling. Insoluble products settle in the cathode 
electrode, which may change the volume of the electrodes on cycling and promote collapse 
of the cell (Fan et al. 2018). With these unknowns, and the uncertainty regarding the materials 
that give the optimal capacity, modelling of Li-S batteries is an important process to consider.  
 
2.3.2. Lithium Sulphur Battery Structure 
A Li-S battery consists of a lithium or lithium-based compound anode electrode, a lithium salt 
electrolyte, and a sulphur cathode electrode. The sulphur electrode typically will consist of 
sulphur mounted on a conductive carbon surface, for example a sulphur coating on a current 
collector containing a large proportion of conductive carbon black particles. This is to address 
the naturally insulating properties of sulphur, as well as to offer support for the brittle raw 
material and reduce the chances of collapse of the cell on cycling (Xu et al. 2014). The general 
structure of a Li-S battery can be seen in Figure 2-7. Li-S batteries also differ from Li-ion 
batteries utilising layered cathodes of lithium iron sulphide in that the iron (which forms the 
layered structure of the cathode) participate in the reaction, whereas the carbon (which forms 
the structure of this electrode) does not (Kendrick et al. 2011). 
The cell is fully charged in the configuration shown. On discharge, the lithium is oxidised to 
form lithium ions (at the anode) which react with octosulphur (in the cathode pores) to form 
long-chain polysulphides. It is known that shorter chain polysulphides form at later stages of 
the discharge by the lithium ions attacking the already formed long-chain polysulphides. 
However, the direct mechanism for this is currently unclear (Fan et al. 2018). The overall 
discharge reaction can be seen in Equation 2-15. 
S8 + 16 Li
+ + 16 e− → 8 Li2S (2-15) 
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Much focus in the literature is on determining what the final reaction mechanism is. This will 
be discussed further in section 2.3.2.2. Due to the multi-stage reaction, a Li-S 
charge/discharge curve has a distinct shape. The approximate discharge curve is 
demonstrated in Figure 2-8, where each plateau caused by the formation of a different length 
polysulphide is defined.  
 
 
Figure 2-7 – The typical structure of a Li-S battery, and the discharge reactions therein. The lithium electrode acts 
as the anode on charge, and the cathode consists of a conductive carbon mixed with elemental sulphur. 
 
A multi-stage reaction theory is supported using cyclic voltammetry (CV). On the discharge 
curve two distinct peaks can be seen, indicating a multi-stage reaction with two distinct 
plateaus. Based on the discharge curve seen in Figure 2 8, the first discharge peak in the CV 
(~2.3 V) is down to the formation of the longer chain polysulphides (Li2Sx, where x ≥ 4). The 
longer other discharge peak (~2 V) is due to the formation of the shorter chain polysulphides 
(Li2Sx, where x <4). Two peaks are indicative of a two-stage reaction, which is reported in 
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some of the literature as being the typical process (Mikhaylik and Akridge 2004). However, 
the actual reaction mechanism is much more complex with multiple stages. This is discussed 
further in section 2.3.2.2. 
Specific capacity of Li-S batteries is typically given against the mass of sulphur. It is important 
to ensure that the mass balance between the anode and the cathode is optimised for balancing 
the charge. The minimum requirement for lithium loading is 0.43 mgLi/mgS, however much of 
the lithium is lost to degradation and SEI formation. As such, the loading of lithium is typically 
required to be in the excess of 100-200 % of that of sulphur (Pope and Aksay 2015). There 
are a number of different configurations with the capability of meeting this, which will be 
discussed further in the following sections.  
 
 
Figure 2-8 – This demonstrates the distinct shape of the Li-S discharge curve. As the multi-stage reaction 
progresses, different chain length polysulphides are formed by reactions with lithium ions. On discharge, the first 
plateau is formed by the formation of the polysulphides 𝐿𝑖2𝑆8 and 𝐿𝑖2𝑆6, and the second by the formation of 𝐿𝑖2𝑆2 
and 𝐿𝑖2𝑆.  
 
2.3.2.1. Cathode Electrode Materials 
This section will explore the many different cathode materials that have been investigated for 
the use in Li-S batteries. The general structure of the cathode has already been outlined, 
however optimal chemistry has not yet been confirmed. Experimental work is focussed on 
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reduction of the shuttling of polysulphides, as well as determining what the final reaction 
mechanism is. Shuttling can be prevented through architecting the porous structure of the 
electrode, altering the chemical composition of the electrode/electrolyte, or through electrode 
surface treatments (Fan et al. 2018). These methods will all be discussed further here.  
Firstly, it is important to consider the structure of the sulphur-based electrode. Many different 
nanocarbons have been used experimentally in the literature as conductive materials or hosts 
for the sulphur cathode, such as activated carbons, carbon blacks, carbon nanotubes, and 
graphene (Pope and Aksay 2015). The pore structures of the host materials can be optimised 
to give an ideal cycling behaviour in several ways. It has been demonstrated that small pores 
reduce the polysulphide shuttling due to the increased effect of the interaction potentials and 
weak molecular forces acting from both sides of the pore wall. These aid the cyclability of the 
cell. However, pores which are too small inhibit the transport of Li+ ions and reduce the cell 
capacity (Lee et al. 2013). It is therefore beneficial to tailor the PSD of the cathode and 
determine the optimal PSD for cycling.  
Activated carbons examined in the literature demonstrate some good stability and cycling. Lee 
et al. (2013) utilised a carbide-derived-carbon (CDC) as a cathode host, where a carbide was 
used as a precursor for an activated carbon. This method allows for tuning of specific pore 
architectures, which is dependent on the precursor used. In this study SiC was used to create 
an ordered meso/microporous carbon with infused sulphur, which achieved a sulphur loading 
of 1 mg/cm2. It was determined that an overall higher specific pore volume gave an overall 
higher capacity, which stands to reason due to high sulphur impregnation (Lee et al. 2013). In 
another study, Xu et al. (2014) demonstrated that a hierarchically porous carbon (HPC) gives 
a high capacity and cyclability. Macropores act as reservoirs of the ionic material, whilst the 
meso and micro pores act to confine the polysulphides and prevent shuttling (Xu et al. 2014).  
Graphene has been used extensively in the literature due to its high specific surface area, 
high electrical conductivity, and good mechanical flexibility. However, pure graphene does not 
prevent shuttling if sulphur is coated directly onto a single sheet (Yang et al. 2014). A layered 
structure is required to act as reservoirs for the sulphur. Many methods of sulphur 
impregnation have been utilised in graphene, such as growing sulphur crystals between the 
sheets (Park et al. 2012), dissolved polysulphide systems (Zhou et al. 2015), or under micro-
emulsion systems (Ji et al. 2011).  
As well as graphene, carbon nanotubes have been utilised as a highly micro/meso porous 
material to address the issues in Li-S batteries. Xie et al. (2014) present a MWCNT porous 
electrode which allows for fast Li+ diffusion. They found that with the use of KOH activation, 
micropore formation was promoted on the surface of the MWCNT which allowed for full 
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sulphur impregnation of the cathode host. The sulphur loading was 0.8-0.9 mg/cm2, and a 
specific capacity of 620 mAh/g was achieved (Xie et al. 2014). This is in line with the capacities 
achieved with the other materials available. Su et al. (2012) demonstrated that the use of 
MWCNT as a cathode material promotes the formation of a weave as a stable cathode 
material, achieving a high capacity and improving the cyclability (Su et al. 2012). Razzaq et 
al. (2019) took the use of carbon nanotubes further by utilising them for a backbone in a 
freestanding composite electrode manufactured by electrospinning. This showed high stability 
over 500 cycles and achieved a sulphur loading of 0.9-1.1 mg cm-2 (Razzaq et al. 2019).  
As stated previously, electrode surface treatment can aid the reduction of shuttling. One 
example of structural engineering in conjunction with cathode host surface treatment is 
engineering an oxygenated surface, as the oxygen functional groups are able to form weak 
bonds with the polysulphides to keep them within the electrode (Demir-Cakan et al. 2011). 
This concept is known as a chemical trap and requires designing around several key factors. 
The first is ensuring high electrical conductivity of the surface. The second is to ensure a 
hierarchical pore structure is attained, which includes mesopores for unrestricted mass 
transport as well as micropores to house the polysulphides. Finally, the materials need to be 
selected to ensure simple formation of the polysulphides, and to allow deposition of the 
insoluble chains on the cathode surfaces (Yoo et al. 2016).  
Ji et al. (2011) were among the first to report a Li-S battery with a cathode of surface treated 
graphene oxide with sulphur deposited on the surface. This formed a graphene oxide-sulphur 
(GO-S) nanocomposite electrode. The large surface area of the GO is believed to be an 
advantage in that it allows for maximum exposure of oxygen to the polysulphides in the 
electrolyte, thus allowing for the maximum possible formation of weak bonds between the 
opposite charges. The GO network has been proven to be effective in trapping polysulphides 
mechanically, as well as remaining rigid when insoluble shorter chain polysulphides settle on 
the surface (Ji et al. 2011). Zhou et al. (2013) report using a graphene oxide and sulphur 
hybrid created using an alcohol solution. The mesoporous structure of the graphene sheets 
offers a structural method of preventing the shuttling effect, and the oxygenated functional 
groups increased adherence of the polysulphides. This increased the cyclability of the cell to 
over 100 cycles. Clearly, graphene is a material which holds much promise in solving the 
issues with Li-S batteries. However, more work needs to be done to ensure further stability.  
Additionally, additives have been added to graphene-based cathode hosts to create hybrids 
with varying properties. A hybridised similar version of a graphene electrode is presented in 
Zhang et al. (2013). This involved manufacturing a composite electrode consisting of a nano-
sulphur/polypyrrole/graphene nanosheet mix. Polypyrrole has been demonstrated to have 
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good adsorption towards sulphur and polysulphides, helping to aid reduction of shuttling. This, 
coupled with the pore structure of graphene, gave a reversible specific capacity of 641.5 
mAh/gsulphur (Zhang et al. 2013). The high reversibility supports the idea of the pore structure 
of graphene being beneficial to cyclability. Patel et al. (2014) presented the use of cellulose 
fibres as a method of building a rigid frame with graphene sheets. This gave a high sulphur 
loading of 2 mg/cm2, with a reduced cyclability (Patel et al. 2014).  
Pang et al. (2015) reported the use of a hybrid nitrogen and sulphur dual-doped carbon to 
enhance the catalytic properties of the surface and aid in the formation of weak bonds with 
the polysulphides. This was demonstrated to be effective in enhancing the chemisorption as 
both 𝐿𝑖+ ions and the 𝑆𝑛
2− ions form weak bonds with the oppositely charged nitrogen and 
sulphur ions on the surface. Codoping of graphene sponge with sulphur and nitrogen was also 
utilised in Zhou et al. (2015), demonstrating a high specific capacity of 1,200 mAh/gsulphur. The 
graphene sponge is shown to include a hierarchical pore structure on the meso to micro scale, 
which aids the mass transport and enclosure of the polysulphides. Nitrogen doping was 
utilised on an activated carbon in Song et al. (2014), where activated carbon was synthesised 
from a polymer precursor. It was found that this promoted a high sulphur loading of 4.2 
mg/cm2, and thus created cells with a high cell capacity (Song et al. 2014). Nitrogen doping is 
therefore a legitimate surface treatment to aid in the cyclability of the cell.  
Another method of building the ideal porous structure is through the use of a metal-organic 
framework (MOF). Bao et al. (2014) presented a method of using a MOF as a template to 
tailor the porous structure of a mesoporous graphene oxide. This gave a loading of 1.5 mg/cm2 
of sulphur, and a discharge specific capacity of 820 mAh/gsulphur after 100 cycles (Bao et al. 
2014). Another meso/microporous cathode is derived from a nickel MOF in Zheng et al. 
(2014). In this, a nickel framework was impregnated with sulphur, where the framework 
included uniform meso and micro pores which have been demonstrated to be optimal for the 
Li-S cell. This cell demonstrated a high binding energy with the longer chain polysulphides 
than the shorter chains, demonstrating that the pore structure is ideal to reduce shuttling 
(Zheng et al. 2014). MOFs are however limited in the literature due to their lower overall 
electrical conductivity compared to carbon-based electrodes (Fan et al. 2018).  
Metal oxides are another material which offer properties to reduce the shuttling effect. The 
oxide groups utilise electrostatic forces to gain affinity to the various length sulphide ions in 
the same way as an oxide surface treatment explained previously (Fan et al. 2018). Cui et al. 
(2016) reported the use of titanium nitride with a mesoporous structure impregnated with 
sulphur, in which the surface treatment demonstrated good cyclability (Cui et al. 2016). Whilst 
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surface treatments are effective for this, it makes modelling cathodes difficult. The models 
presented in this thesis will focus on pore structure over surface treatments.  
Carbon cloth and carbon fibres have also been used to mount sulphur. Elazari et al. (2011) 
reported a Li-S battery utilising an ACF cathode electrode impregnated with sulphur. They 
measured the surface area and PSD of the pre and post impregnated carbon using nitrogen 
adsorption, showing a reduction in the specific surface area from 2000 m2/g to 1200 m2/g. This 
demonstrated sulphur had adhered to the surface area of the pores of the ACF. 60% 
theoretical capacity was achieved due to the reduced accessibility of the lithium due to the 
sulphur in the pores of the ACF. They demonstrated greater cyclability than previous 
configurations as a result of the ACF pore structure, suggesting this is a promising material 
for Li-S batteries (Elazari et al. 2011). Similarly, Chung et al. (2015) reported using an 
electrospinning method to create a carbon mat from fibres with a high porosity framework of 
nanopores and micropores. This was utilised as an interlayer between the cathode and the 
separator. This demonstrated good cyclability, suggesting further the importance of pore 
structure in preventing the shuttling process (Chung et al. 2015).  
ACF electrodes are directly compared with similar fibre-based structure electrodes in Warneke 
et al. (2018). They compared the activity of an ACF electrode with impregnated sulphur with 
a sulphurised poly(methyl methacrylate)/poly(acrylonitrile) (SPAN). This is a compound fibre 
material with an overall similar structure to ACF, however the specific surface area of SPAN 
is approximately 100 times lower due to the lack of a microporous structure. They 
demonstrated a higher capacity with the use of the ACF electrode, but a higher overall 
cyclability of the SPAN electrode. This was put down to the porous structure of the ACF 
inhibiting the reintegration of the insoluble Li2S into the electrolyte on charge (Warneke et al. 
2018).  
Carbon nanofibres (CNF) were utilised to improve sulphur loading in (Qie et al. 2016). These 
were woven to a cloth which, once impregnated with sulphur, gave a sulphur loading of 2.4 
mg/cm2. This demonstrated good cycling stability and a high capacity, with an initial discharge 
capacity of 1225 mAh/gsulphur. This loading is amongst the highest reported, suggesting that a 
fibrous carbon structure is an optimal choice for sulphur loading (Qie et al. 2016). Carbon fibre 
paper was utilised in Hara et al. (2015). They achieved a loading of 4.1 mg/cm2 and an overall 
specific capacity of approximately 1,195 mAh/gsulphur. This is amongst the highest recorded 
experimentally achieved specific capacities published, and this is with a reduced cost 
comparatively to graphene or carbon nanotubes.  
The use of these materials demonstrates experimentally that the pore structure of the cathode, 
the pore size distribution, and surface treatment of the carbonaceous host material are all 
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important factors in optimising the battery performance on cycling. However, extensive 
experimental work to determine an optimal PSD would prove expensive and time consuming. 
Modelling an accurate PSD to simulate Li-S battery cycling would be of benefit, however 
methods need to be developed in order to incorporate this.   
 
2.3.2.2. Reaction mechanism and electrolytes 
In this section, the studies into the reaction mechanisms and the effects of electrolytes on Li-
S batteries will be reviewed. As mentioned previously, there is much focus in the current Li-S 
research on this as the final and accepted reaction mechanism has not been universally 
adopted. This may be difficult to finalise, as it has been demonstrated in the literature that the 
reaction mechanism can vary with the electrolyte solvent used (Gao et al. 2011). The optimal 
electrolyte needs to have a high charge carrier conductivity, with the ability to dissociate lithium 
ions whilst remaining stable towards the lithium electrode (Park et al. 2018). Several 
configurations and their effects on the reaction mechanisms will be discussed here.  
Most studies report seeing a full multi-step reaction, in which long-chain polysulphides are 
formed by lithium ions reacting with octasulphur (S8). These chains are reduced further by 
receiving further electrons, and thus break down into smaller length chains (Akridge et al. 
2004, Barchasz et al. 2012). The unknown is how the intermediates are formed, but there are 
several in-situ and ex-situ methods to determine what these steps are (Gao et al. 2011, 
Kolosnitsyn et al. 2011, Manan et al. 2011, Barchasz et al. 2012). The essential steps on this 
are believed to be as follows.  
As demonstrated in the discharge curve in Figure 2-8, it is clear that a multi-stage reaction is 
taking place. The first plateau, and therefore the first reaction stage (or stages) occurs at 
approximately 2.4 V. The second plateau is seen at approximately 2.0 V vs. Li/Li+, which is 
representative of a subsequent reaction stage (or stages). The first stage is believed to be the 
two-electron reduction of octasulphur, as demonstrated in Equation 2-16. The electrochemical 
potential for this reaction is typically given as 2.39 V vs. Li/Li+ (Xu et al. 2015, Zhang S. et al. 
2015).  
𝑆8 + 2𝐿𝑖
+ + 2𝑒− → 𝐿𝑖2𝑆8 (2-16) 
The long chain polysulphide then dissociates further into the shorter chain polysulphide 𝑆6
2− 
instantaneously via several different potential reaction pathways. This dissociation occurs 
instantaneously as the long chain polysulphide is believed to be too unstable due to the fast 
reaction kinetics (Wild et al. 2015, Zhang S. et al. 2015). The overall reaction of this stage is 
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seen in Equation 2-17. The electrochemical potential for this reaction is typically given as 2.37 
V vs. Li/Li+ (Xu et al. 2015, Zhang S. et al. 2015).  
4𝐿𝑖2𝑆8 → 4𝐿𝑖2𝑆6 + 𝑆8 (2-17) 
The presence of the stable polysulphide Li2S6 is confirmed in a number of mechanistic studies 
(Martin et al. 1973, Manan et al. 2011). Alongside this direct formation, it is also theorised that 
further dissociation of the polysulphide ion towards a radical species occurs. This is seen in 
Equation 2-18 (Manan et al. 2011). 
𝑆6
2− → 2𝑆3
∙− (2-18) 
The radical species is more likely to occur in polar solvents and is not observed in every 
reaction pathway (Barchasz et al. 2012, Xu et al. 2015, Zhang et al. 2015). The final reaction 
that typically applies in the higher plateau is the formation of Li2S4, which is seen in Equation 
2-19. The typical electrochemical potential for this reaction is 2.24 V vs. Li/Li+ (Xu et al. 2015).  
2𝐿𝑖2𝑆6 + 2𝐿𝑖 → 3𝐿𝑖2𝑆4 (2-19) 
The lower plateau of the discharge curve, typically seen in the region of 2-2.1 V, is caused by 
the formation of the shorter chain polysulphides Li2S2 and Li2S from the intermediate 
polysulphide Li2S4. These products are often insoluble and will deposit on the surface of the 
carbon electrode. The reactions for the formation of these products are given in Equation 2-20 
and Equation 2-21. The electrochemical potentials of these reactions are typically 2.2 V vs 
Li/Li+ and 2.15 V respectively (Xu et al. 2015). 
𝐿𝑖2𝑆4 + 2𝐿𝑖
+ + 2𝑒− → 2𝐿𝑖2𝑆2 (2-20) 
𝐿𝑖2𝑆4 + 6𝐿𝑖
+ + 6𝑒− → 4𝐿𝑖2𝑆 (2-21) 
The final formation of Li2S is often considered to be the end of discharge. However, this is in 
contention in some characterisation studies, as not all detect crystalline Li2S during discharge. 
Some claim that the insoluble polysulphide form only at the end of discharge, whilst some 
claim that it forms throughout the full lower plateau (Wild et al. 2015). This was conclusion was 
drawn using x-ray diffraction (XRD) through several in-situ studies.  
Electrochemical studies, through the use of CV, can also be used to determine the stages of 
the reactions. This technique can be used to see the electron transfer in the stages of the 
reactions (Wild et al. 2015). CV is used frequently to ensure the multi-stage reaction is 
occurring and to estimate the reaction products (Elazari et al. 2011, Barchasz et al. 2012, 
Zhang et al. 2013, Zhou et al. 2013, Yang et al. 2014).  
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The general pathway shown here is one that is generally accepted as the reaction pathway in 
the discharge of the Li-S battery. However, as stated previously, there are several points in 
contention. For instance, the radical species is often not observed in in-situ studies. Also, the 
final formation of Li2S is often not observed. Some studies have also detected the presence 
of S72- and S52- polysulphides, and also the disproportionation formation of the Li2S 
polysulphide from Li2S2 instead of Li2S4 (Wild et al. 2015).  
It has been demonstrated that carbonate-based solvents can react with the reduced sulphur 
species which can reduce cell cyclability (Gao et al. 2011). More frequently, ether-based 
solvents (DOL/DME, or TEGDME) are used in the literature as these have demonstrated 
stability towards the radical intermediates which can occur during the sulphur reduction 
reaction (Elazari et al. 2011, Gao et al. 2011, Barchasz et al. 2012, Bao et al. 2014). Further 
study is being carried out worldwide to determine a final and concrete reaction mechanism, 
however this remains to be seen.  
 
2.3.3. Lithium Sulphur Battery Simulations 
With the uncertainty in material selection for optimal Li-S battery activity, simulations are of 
paramount importance. Simulations are used extensively in supercapacitor research (as 
explored earlier), as well as in Li-ion battery research. Li-ion batteries have been extensively 
modelled over the years, with many accurate models reported. The challenges with Li-S 
battery modelling arise from the lack of understanding of the reaction mechanism and the 
shuttling process, as detailed previously (Benveniste et al. 2018). This section will explore the 
different types of models presented in the literature.  
The first known mechanistic model is seen in Mikhaylik and Akridge (2004). This model only 
considers the two-stage formation of the 𝑆4
2− and 𝑆2
2− chains, which are assumed to be the 
reactions which cause the two plateaus in the discharge curve. This is a valid assumption to 
make in this as for all long chain polysulphides the reaction transfers 0.5 of an electron, and 
for all shorter chain reactions 1 electron is transferred (Mikhaylik and Akridge 2004). The first 
stage reaction is defined in Equation 2-22, and the second stage is defined in Equation 2-23.  
𝑆8 + 4𝑒
− ⇌ 2𝑆4
2− (2-22) 
𝑆4
2− + 4𝑒− ⇌ 2𝑆2− + 𝑆2
2− (2-23) 
The two-stage reactions are defined simply using the Nernst equation. The Nernst equation 
defines the activity of a species by its electrode potential (Vidal-Iglesias et al. 2013). It is useful 
to use in this context as the electrochemical potential is known.  
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A comprehensive mechanistic model which solves for multiple reactions is seen in Kumaresan 
et al. (2008). This is an expansion on the previous model seen in Mikhaylik and Akridge (2004) 
and looks to investigate the effects of a multi-stage reaction in a Li-S cell. As per most of the 
models simulating Li-S battery activity, it models the anodic reaction as per Equation 2-24. 
𝐿𝑖 ⇌ 𝐿𝑖+ + 𝑒− (2-24) 
In Equation 2-24, the forward reaction occurs on discharge and the reverse on charge. On the 
cathode side, the octasulphur is reduced and dissociates into progressively shorter chain 
lengths in a multi-step process. This reduction is more comprehensive than that seen in 
equations 2-22 and 2-23, where the S42- and S2- sulphide ions are formed also. The 
subsequent formation of the polysulphides in the multiple reaction stages is demonstrated in 
Equation 2-25 to Equation 2-28. 
2𝐿𝑖+ + 𝑆8
2− ⇌ 𝐿𝑖2𝑆8 (2-25) 
2𝐿𝑖+ + 𝑆4
2− ⇌ 𝐿𝑖2𝑆4 (2-26) 
2𝐿𝑖+ + 𝑆2
2− ⇌ 𝐿𝑖2𝑆2 (2-27) 
2𝐿𝑖+ + 𝑆2− ⇌ 𝐿𝑖2𝑆 (2-28) 
In the model, the terms defining the individual reaction rates are included in the conservation 
of species equations. These are detailed further in Chapter 4 of this thesis. The current is 
defined using the conservation of charge equation, and the reaction itself defined by the 
modified Butler-Volmer equation in order to incorporate the mass balance of the species 
(Kumaresan et al. 2008). Butler-Volmer reaction kinetics will be detailed in Chapter 4 of this 
thesis. This model is a one-dimensional model which gives expected agreement with the 
experimental data, demonstrating a two-stage discharge plateau. They investigated the 
change in concentration profiles over time, demonstrating that the reactants’ concentrations 
decrease near uniformly across the cell profile during discharge. This profile is expected due 
to the slow reaction rates (Kumaresan et al. 2008). The model however assumes precipitation 
of longer chain soluble polysulphides, Li2S8 and Li2S4. This is not the case in reality, as they 
do not alter the overall porosity of the cathode by depositing on the cathode surface but rather 
dissolve into the electrolyte.  
Several models have been used to investigate the uncertainties surrounding the reaction 
mechanism. Marinescu et al. (2016) proposed that a way of addressing this in modelling terms 
is to utilise a zero-dimensional point model in which the cycling of a cell is predicted without 
taking into account any spatial changes. Their paper utilised Butler-Volmer kinetics to describe 
the currents of the two-stage reactions, as well as adopting the method used in Mikhaylik and 
Akridge (2004) to describe the shuttling phenomenon. They also described the precipitation 
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reaction of the shorter chain polysulphide. They demonstrated that the precipitation does not 
have any effect on the cyclability of the cell, rather the shuttling effect is demonstrated to be 
detrimental to the performance (Marinescu et al. 2016).  
This model provides a good base on which to expand into the use of further modelling 
techniques, such as incorporating the effects of the electrolyte or different electrode materials 
on the cell activity. The zero-dimensional model, whilst simplified in comparison to one-
dimensional models, offers a main advantage in that one-dimensional models are more 
complex and can require many assumed or fitted input values. The zero-dimensional model 
also offers a reduced computing time relative to the one-dimensional model (Marinescu et al. 
2016). The model was utilised further in Marinescu et al. (2018), which used the model to 
predict the capacity fade on cycling through partially cycling Li-S cells. They determined that 
capacity loss over time in a Li-S cell is irreversible when the active sulphur mass is lost to the 
bulk electrolyte due to shuttling, but the capacity loss is reversible if the charging current 
density is low (Marinescu et al. 2018). This suggests the importance of modelling the shuttle 
phenomenon if cycling is to be considered in the model.  
Fronczek and Bessler (2013) proposed a one-dimensional model based on a multi-step 
reaction in which the longer chain polysulphide anions are evolved down to the shorter chain 
anions in a six-step reaction in the cathode. The model measures the mass and charge 
transport in the one dimension across the thickness of the cell layers. In this model, it is 
assumed that all of the sulphide ion lengths exist in the electrolyte solution at the same time. 
Other models have demonstrated that this is not the case, however it is important to consider 
all possibilities when the reaction mechanism is unknown (Neidhardt et al. 2012).  
In order to accurately represent the electrochemical process during cell cycling, the shuttling 
of the polysulphides needs to be considered in modelling. An early study into this is seen in 
Mikhaylik and Akridge (2004), in which shuttling is incorporated into mass transport with a 
shuttle constant determined experimentally from the change in capacitance in each of the 
plateaus in the discharge curve. However, they showed that this was difficult to determine as 
the calculated factor as it changes for the same electrolyte depending on the experimental 
method used (Mikhaylik and Akridge 2004). Measuring the full effect of shuttling is difficult and 
requires full characterisation of electrolytes, of which several have been carried out (Safari et 
al. 2016). 
Moy et al. (2015) determined the so-called, ‘shuttle current,’ experimentally by resting a Li-S 
cell at different degrees of discharge and measuring the bleed current. The polysulphide 
shuttle current was included in a simple one-dimensional model, utilising the Nernst equation 
to define a two-stage reaction, by modelling the shuttle current as an external current applied 
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to maintain the mass balance of the polysulphides in the cathode during flux (Moy et al. 2015). 
This showed good agreement with the experimental data, suggesting the shuttle current and 
the concentration of the species are intrinsically linked.  
Busche et al. (2014) investigated the effect of temperature and the current on the shuttle effect. 
They determined that cycling the cell at higher temperatures reduced the life of the cell, and 
that room temperature is the optimal temperature for operation. In terms of the cycling current, 
the maxima and minima (<0.1 C and >0.9 C) give the lowest cyclability and highest capacity 
loss. The optimal cycling is determined to be a low- medium current (0.1-0.2 C) at room 
temperature (Busche et al. 2014). Other papers have demonstrated that Li-S batteries operate 
optimally at room temperature, but capacity decreases when operating at higher temperatures 
(Fotouhi et al. 2017b). 
Danner et al. (2015) presented a comprehensive mass transport model investigating the effect 
of the carbon particles and their porous structures on the cell performance. In this, the cathode 
was modelled as a carbon particle with pores on the surface. Mass transport was considered 
on the macro scale, and also within the pores in the carbon, by the dilute solution theory. The 
reaction kinetics were simplified down to a two-stage reaction, similar to that seen in Hofmann 
et al. (2014). The reaction kinetics were determined by concentrated solution theory in the 
micro scale (Bazant 2013). This model was validated against experimental data, and 
investigations were carried out to determine the effect of pore structure and sulphur loading 
(Danner et al. 2015). Whilst their model is somewhat effective for this, it was a dual pore size 
model and does not go into detail on the pore structure of the carbon and how this directly 
affects diffusion. Pores are not uniform sizes in reality, and diffusion between pores of different 
sizes needs to be taken into account for accurate simulations.  
The difficulty of modelling such a complex system is compounded by the fact that multiple 
phases of different species all exist within the electrolyte. Neidhardt et al. (2012) presented a 
framework for modelling multiple phases of species within the electrolyte of a Li-S battery. In 
this, a generic framework that can be applied to multiple battery configurations is modified to 
represent the mass transport of all of the different phases present, which in this case includes 
solid lithium and sulphur reacting in the liquid electrolyte. In this, no solid short polysulphide 
deposition is considered. In this, the volume fraction of the products is calculated during 
discharge, which demonstrated that all of the elemental sulphur was used up in the first stage 
and the polysulphide concentration subsequently increased in the second stage. This 
framework is an effective method of modelling the battery activity in a universal way, however 
more work needs to be done in the validation (Neidhardt et al. 2012).  
Chapter 2: Literature Review 
Joshua Bates   72 
 
Further modelling investigations in the literature are looking to address and investigate the 
unique features in a Li-S battery. Zhang T. et al. (2015) investigated the effect of a changing 
electrolyte resistance due to the reactant concentration change, as well as the effect of Li2S 
precipitation. They determined that an accurate model needs to include the effect of 
concentration on electrolyte resistance, and also the changing surface area due to the solid 
polysulphide precipitation (Zhang T. et al. 2015). Knap et al. (2017) investigated the self-
discharge phenomenon of the Li-S battery and the self-balancing effect at different states of 
charge. They determined that the self-discharge mechanism occurs more readily at the higher 
states of charge (above 70%) and can be balanced by connecting cells at different states of 
charge in series (Knap et al. 2017).   
As well as the mass transport models, some have proposed equivalent circuit models and 
molecular dynamics models in a similar vein to the supercapacitor models discussed earlier. 
Whilst still simple in principle, equivalent circuit models for Li-S batteries are still problematic 
in comparison to other equivalent circuit models as the multi-stage reaction has proven difficult 
to model (Knap et al. 2015a). In Knap et al. (2015a), several different degrees of equivalent 
circuits are presented. A typical Li-S equivalent circuit consists of several segments of a 
resistor and a capacitor in parallel, in which the different segments simulate the activity of 
different elements of the cell. The parameters required for these values can be determined 
from fitting to experimental data and through parameterisation techniques, such as EIS (Knap 
et al. 2015b).  
The most basic configuration, with just one segment, considers the resistance of the 
electrolyte, the charge transfer resistance, and the double layer capacitance. With further 
segments, the respective resistances of the different surface layers of the electrodes can be 
included. They concluded that a three-segment circuit gives the optimal results in terms of 
efficiency when compared to OCV experimental data (Knap et al. 2015a). This experimental 
data was however not a full cycle, but rather generated using a galvanostatic intermittent 
titration technique (GITT). This involves subjecting a cell to a series of current pulses in 
between relaxation periods. This procedure is typically used to determine mass transport 
parameters for the species, such as the diffusion coefficient (Metrohm Autolab B.V. 2014). 
Pulse charging allows for the use of capacitors in the equivalent circuit and negates the need 
for constant phase elements to represent other features in the cell (Knap et al. 2015b). 
Optimisation was also carried out in Fotouhi et al. (2017b), in which it was determined that a 
three-segment circuit, or three RC, was the optimal version for both efficiency and accuracy. 
This is however dependent on the parameters used (Fotouhi et al. 2017b).  
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Parametrization of another equivalent circuit model is seen in Jiang et al. (2017). Their model 
consisted of a single RC circuit to represent the double layer capacitance of the cathode. They 
found that the error in the model compared to experimental data increased as the discharge 
progressed, signifying that the formation of the insoluble short-chain polysulphides has a 
significant effect on the discharging activity of the Li-S battery at the later stages of discharge 
(Jiang et al. 2017). Another seen in Stroe et al. (2017) implements a three-element circuit in 
which the parameters are determined using EIS measurements. This demonstrated good 
agreement with experimental data with the parameters used (Stroe et al. 2017).   
MD investigations have also looked into the importance of the interaction of the polysulphide 
molecules with the electrolyte composition. Park et al. (2018) proposed a MD model in order 
to investigate the effect of the electrolyte molecules on the activity of the Li-S cell.  
In order for commercial expansion of Li-S batteries to continue, an accurate and optimal 
battery management system (BMS) is required. This is an important aspect to ensure 
optimisation of the battery life, reducing the effects of temperature on cycling, and protecting 
the cell from damage. BMS development for Li-S batteries is in the early stages due to the 
fact that, as stated previously, the full chemistry is unknown (Fotouhi et al. 2017a). For full 
analysis of the battery, the state of charge (SoC) is required. This is essentially the amount of 
energy remaining in the battery, calculated as being 100% when fully charged and 0% when 
fully discharged. For an EV application, this would essentially be the, “fuel gauge,” of the car. 
As this is calculated using the potential ranges of the cell, it is difficult to determine when the 
cell chemistry differs. It is therefore often estimated, which has been explored in recent models 
(Fotouhi et al. 2017a, Popp et al. 2017, Fotouhi et al. 2018).  
Very few models seen in the literature consider the effect of the porous structure of the host 
cathode material on the activity of a Li-S cell. This is of paramount importance, considering 
the effect of the PSD of the porous cathode on the species transport and intermediate 
formation, as well as the fact that the pore architecture can be structured in such a way as to 
prevent shuttling of the long chain polysulphides. Therefore, the aim of this thesis is to develop 
a model in which the effect of the porous structure of the cathode host material is taken into 
account considering multiple pore sizes.  
 
2.4. Lithium-air batteries 
2.4.1. Lithium-air battery introduction 
As well as the lithium-sulphur battery, the lithium-air battery is another emerging technology 
which has the potential to meet the energy density demands of a commercial electric vehicle. 
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Metal air batteries involve the use of a pure metal electrode and a porous air electrode, within 
which the discharge reaction occurs. This utilises the oxygen reduction reaction (ORR), which 
forms a metal oxide product on discharge. Among metal air batteries, Li-O2 battery has the 
highest theoretical specific energy at 3500 Wh/kg. In context, assuming a 28% efficiency, this 
could achieve a 500 km driving range in an electric vehicle (Aurbach et al. 2016). Despite the 
theoretical specific capacity and the many advantages of the technology, development of the 
battery has been slow and there are many challenges that still need to be overcome. These 
issues, and the research associated, will be reviewed in this section. 
 
2.4.2. Lithium-air battery structure 
2.4.2.1. Lithium-battery configurations and current research topics 
A lithium-air battery typically consists of a lithium metal electrode, a lithium salt electrolyte, 
and a porous carbon-based electrode (defined as the cathode on discharge). Typically, the 
electrolyte floods the pores and wets the carbon electrode surface. Molecular oxygen is 
dissolved into the electrolyte as the charge storage mechanism. There are four main variations 
of this structure, all of which have different chemistries and reaction kinetics. The first 
configuration utilises an aprotic non-aqueous electrolyte solvent and lithium salt. On 
discharge, lithium reacts with oxygen molecules in a tri-phasic system to form lithium peroxide 
(Li2O2), which is reversible. This allows this configuration to be rechargeable. This is therefore 
the configuration on which the literature focuses most heavily (Girishkumar et al. 2010).  
Another configuration utilises an aqueous electrolyte, the discharge product of which is lithium 
hydroxide (LiOH). This product is typically irreversibly formed, so the battery configuration is 
not rechargeable. There are however versions in the literature which have overcome this 
limitation and are able to recharge aqueous cells (Liu et al. 2015). Another configuration 
combines the two types of electrolyte, in which a membrane separates the aqueous and non-
aqueous electrolytes so that the lithium electrode is only exposed to the non-aqueous 
electrolyte. This shields the lithium from the effects of the moisture and promotes the formation 
of the reversible discharge product Li2O2 instead of LiOH. The final configuration utilises a 
solid-state electrolyte (Girishkumar et al. 2010). All of these configurations have different 
benefits and drawbacks, which will be discussed further in this section. 
With the focus on a non-aqueous configuration, the discharge reaction mechanism of a typical 
Li-air cell is as follows. The anodic reaction involves the oxidation of lithium, identical to that 
of the lithium sulphur battery. This is expressed in Equation 2-24. The general discharge 
reaction then involves the lithium ions reacting with molecular oxygen to form lithium peroxide, 
as demonstrated in Equation 2-29. The lithium peroxide discharge product is insoluble, and 
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thus deposits onto the porous carbon active surface area. On charge, the reverse occurs. The 
mechanism of this is in much contention and will be discussed in more detail later in this 
chapter (Peng et al. 2011).  
2𝐿𝑖+ + 2𝑒− + 𝑂2 ⇌ 𝐿𝑖2𝑂2 (2-29) 
Discharge occurs continuously until the discharge product covers the active surface area of 
the carbon cathode or one of the reactants is depleted. The cell reactions are demonstrated 
in Figure 2-9. There are other limiting factors to discharge, such as the solubility limit of the 
discharge product and oxygen in the electrolyte (Girishkumar et al. 2010).  
 
 
Figure 2-9 - Diagram of reactions in the carbon cathode. Cathode degradation occurs above ≈3.5V.  
 
During discharge, the Li2O2 deposition builds up and blocks the pores in the carbon electrode. 
This prevents O2 uptake and is the main limiting factor in this battery discharge. A high surface 
area and highly porous carbon is therefore required, of which many have been studied. This 
electrode also needs to be structurally rigid to prevent damage from cathodic expansion due 
to Li2O2 deposition and thermal energy. This issue does not apply to aqueous cells, as the 
discharge product (LiOH) is soluble in the electrolyte. This however comes with the 
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disadvantage that the cell contains water, to which lithium is highly reactive. This means 
research is required into a surface electrolyte interface (SEI) layer which is impenetrable to 
moisture; a viable option for this has not yet been fully determined (Thotiyl et al. 2013a, Thotiyl 
et al. 2013b). 
One of the main issues seen in the literature is the issue caused by the charging overpotential. 
The potential required on charge to break down Li2O2 (>3.5 V) promotes the irreversible 
formation of carbonates due to the reactivity of lithium with carbon. These settle on the porous 
carbon surface, thus causing an early cell death. This feature is common in most 
configurations, but its effect varies with the material combinations used (Thotiyl et al. 2013a). 
The charging overpotential can be reduced through the use of catalysts, which will be explored 
further in this thesis (Wang and Zhou 2010).  
Another significant issue is the sensitivity of the non-aqueous system to moisture. Lithium is 
highly reactive in water, and moisture impregnation can lead to premature cell death if the SEI 
were to be breached. It is believed that the cell can support approximately 200-300 ppm of 
water without any significant issues and still have Li2O2 as the main discharge product. In this 
reaction, there is also a risk of dendrite formation on the surface of the lithium electrode. These 
lithium dendrites risk piercing the SEI and the separator and shorting the cell (Aurbach et al. 
2016).  
Much of the literature is focussed on finding the final optimal chemistry of the cell, as well as 
addressing the previously described issues. Due to the popularity and attractiveness of the Li-
air battery, there are a multitude of publications in both the experimental and modelling areas. 
The number of publications peaked in 2015-2016, however there are many questions that still 
require answering (Vegge et al. 2017). Many of these publications will be reviewed here.  
 
2.4.2.2. Electrode and electrolyte materials 
As mentioned previously, the porous electrode in a Li-air battery is typically a porous carbon. 
This material is often chosen due to its high porosity, surface area, and conductivity. Carbon 
is also abundant and comes in many different forms and structures, offering possible solutions 
to the issues explored here. Due to the nature of the discharge deposition, there is a balance 
to be achieved between the surface area and pore volume of the porous carbon to allow for 
maximum capacity. However due to the instability of carbons towards lithium, particularly when 
charging the battery, there is much research required to optimise the cathode (Jung et al. 
2016). The first lithium-air batteries were proposed back in the 1970s but were not determined 
to be rechargeable until the 1990s (Jung et al. 2016). Since then, many different configurations 
have been tested, some of which will be explored here.  
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Many articles have been chiefly published by Peter Bruce and his team. Peng, et al., (2012) 
tested a cell consisting of: a lithium metal anode, a nanoporous gold (NPG) cathode, and a 
non-aqueous electrolyte composed of 0.1 M LiClO4 in DMSO. Cycling achieved a capacity of 
approximately 320 mAh/ggold, equating to an approximate capacity of 3200 mAh/gcarbon (Peng 
et al. 2012). The issue is that due to the expense, NPG is not a practical cathode material. 
The article suggests gold plated super p carbon, however this has not been investigated.  
Testing of the stability of a carbon electrode was carried out by Thotiyl et al. (2013a). Cells 
were built with a lithium anode and with two different electrolytes for direct comparison; 0.5 M 
lithium perchlorate (LiClO4) in di-methyl sulphoxide (DMSO), and 0.5 M lithium 
hexaflourophosphate (LiPF6) in tetraglyme. The porous cathode in both cases was 
manufactured with a 13C carbon and PTFE slurry, cast onto a stainless-steel mesh. Discharge 
showed an initial drop and plateau at ~2.65V before the capacity was fully discharged at ~900 
mAh/gcarbon. The charging was also not smooth due to the porous irregular structure of the 
cathode. In charging, it was found that a voltage of >4V was required to break down the Li2O2. 
It was also found that the cathode promoted electrolyte decomposition. The use of 13C carbon 
in the cathode and 12C in the electrolyte allowed direct comparison of the carbonate side 
products and determination of where they came from. The proportions of the undesired 
discharge products were similar for both electrolytes, with the DMSO one proving to be slightly 
more stable. Separate cathodes were then made to be either hydrophilic or hydrophobic to 
test the effect of the cathode. When hydrophilic carbon was used in the cathode, the proportion 
of side products generated from electrolyte decomposition increased by 6 times. This means 
that the side product formation is dependent on the electrode/electrolyte interface (Thotiyl et 
al. 2013b).  
In Thotiyl et al. (2013b) the focus was to investigate a suitable cathodic material which 
addresses the current issues with the cathode material selection. The aim was to test cathodes 
which will not decompose on cycling or promote electrolyte decomposition, whilst maintaining 
the cell capacity. In the article, cells were constructed using a cathode manufactured from 
titanium carbide (TiC). TiC has been demonstrated to provide more stability than pure carbon 
towards lithium ions during the oxygen evolution reaction (OER) (Qiu et al. 2016). Two types 
of electrolytes were investigated: 0.5 M lithium perchlorate (LiClO4) in DMSO, and 0.5M lithium 
hexaflourophosphate (LiPF6) in tetraethyleneglycol dimethylether (TEGDME).  
Cycling at 1 mA/cm2 gave a repeatable discharge capacity of ~359 mAh/gTiC. This cell also 
showed a capacity retention of 98% after 100 cycles; the NPG cell demonstrated a capacity 
retention of 95% after the same number of cycles. TiC also has the advantage of being 
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cheaper and easier to work with than NPG. The DMSO solvent demonstrated stability over 
the TEGDME (Thotiyl et al. 2013b, Adams et al. 2014). 
The paper does not however investigate factors deemed important, such as pore size and 
pore size distribution of the porous cathode. The purpose of this was to determine if TiC is a 
viable alternative to carbon as a cathode material, and further study has been carried out by 
other groups to optimise this. Wang et al. (2014) expanded on this work by simulating the 
Li2O2 adsorption and deposition on the TiC surface. TiC, due to its structure, can have an 
exposed surface of either carbon or titanium atoms. It has been demonstrated that if the 
surface terminates with carbon, it is unstable towards the Li2O2 layer. In the simulations, it was 
demonstrated that two layers of planar Li2O2 deposit on the pristine titanium surface, whilst 
oxidising the surface allows three layers to deposit. This is due to the increased stability 
through reduction of the surface energy (Wang et al. 2014, Wang et al. 2015). It has also been 
proven that optimisation of the thickness of this layer is required to ensure the film deposition 
is uniform, and a value of 2 nm has shown to be the critical value of this (Adams et al. 2014, 
Kozmenkova et al. 2016).  
Due to the surface morphology, as discussed, metal oxides have also been utilised as cathode 
materials. Kundu et al. (2015) present a cell utilising porous nanocrystalline Ti4O7. Due to the 
material’s high conductivity there is no need for carbon, thus offering more stability on the 
charging reaction. Its high porosity and high specific surface area (180 m2/g), as well as the 
high conductivity, facilitated the charging reaction and promoted stability (Kundu et al. 2015).  
In electrode manufacture, a binder is typically required. Binders however may reduce the 
overall active surface area and promote side products, so removing them is beneficial. 
Graphene oxide has been tested in a cell as the porous electrode in Cetinkaya et al. (2014). 
Graphene oxide has the potential to be a stable form of carbon, while also being mechanically 
sufficiently strong to be used as a binder-free cathode. This consists of a stack of two-
dimensional sheets of covalently bonded carbon with various oxide groups attached to it. The 
sample of graphene in this paper was manufactured using a vacuum filtration technique. The 
cell was manufactured with lithium foil as the anode, the GO paper as the cathode, and 1M 
LiPF6 in TEGDME as the electrolyte. The cell was discharged at a rate of 0.01 mAcm-2, giving 
a discharge capacity of 612 mAh/gGO paper. XRD also showed disappearance of Li2O2 upon 
charging, indicating high reversibility. It was also found that the resistance gradually increased 
due to the build-up of Li2CO3 and Li2O2 on discharge. Raman spectroscopy also demonstrated 
that the structure of GO paper changes during operation to a graphene structure. Failure of 
the cell occurred after ten cycles due to rapid expansion of the GO paper electrode due to the 
build-up of Li2O2 in between the graphene layers (Cetinkaya et al. 2014).  
Chapter 2: Literature Review 
Joshua Bates   79 
 
There are several issues with the use of graphene. The GO paper offered a lower specific 
capacity than some carbides. It is also expensive and more difficult to manufacture than some 
carbides, and as such is not repeatable between samples. In this case, the failure of the cell 
was down to the discharge products building up in between the sheets. This failure occurred 
after 10 cycles, which is an unacceptably short lifespan. GO paper has potential as a cathode 
but will require a repeatable manufacturing process.  
As well as the general properties, it has been demonstrated that the pore structure in the 
carbon electrode can also have an effect on the battery activity. Shen et al. (2018) recently 
demonstrated the effect of tuneable CNT foams as air cathodes, where the hierarchical PSD 
was controlled by the microspheres template. They determined that microstructures utilising 
a higher concentration of macropores, a high pore volume, and a mid-range surface area gave 
the highest specific capacity. This is because the larger pores enhance oxygen diffusion and 
transport, and the micropore surface area enhances the Li2O2 deposition (Shen et al. 2018). 
There are other materials that offer hierarchical pore structures in this way, such as CNT (Lim 
et al. 2013b).  
Typically, overpotential in charging can be reduced through the use of catalysts. This helps to 
prevent the formation of carbonates and prevent early cell death. Examples of catalysts 
utilised in literature include NiCo2O4 nano-flakes (Li et al. 2014), platinum (Lim et al. 2013b), 
metal oxides (Lim et al. 2013a), carbon-supported iridium, and carbon-supported palladium 
(Ko et al. 2013) (among others). There is seemingly no current consensus among the literature 
as to what an optimal catalyst is, so more research is required.  
Other works are focusing on alternative stable electrolytes. The typical composition is a lithium 
salt dissolved in an aprotic solvent, where both of these are stable towards the reactive 
conditions the electrolyte is subject to. An ionic liquid-based (IL) electrolyte was proposed in 
Elia et al. (2014). This electrolyte consisted of PYR14TFSI as the solvent and LiTFSI as the 
salt. This demonstrated reversible formation of Li2O2 and a low charging overpotential. IL 
electrolytes were proposed as they have shown thermal and chemical stability, and are also 
non-flamable. This cell however showed poor charge storage efficiency, and was also very 
sensitive to CO2 and H2O contamination (Elia et al. 2014). Ionic liquids may show promise, 
but more viable options which are easier to work with exist.  
Zhang et al. (2011) presented a non-aqueous electrolyte consisting of a LiSO3CF3 salt with a 
propylene carbonate/tris(2,2,2-trifluoroethyl) phosphate (PC/TFP) solvent. They determined 
via viscosity measurements what the optimal composition was, as adding TFP increased 
viscosity and reduced electrolyte conductivity. Carbonate electrolytes have shown promise, 
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however they need to be stabilised to improve cyclability due to electrolyte degradation (Zhang 
et al. 2011).  
LiPF6 is typically used as a stable electrolyte salt. DMSO has also been shown previously to 
be a stable solvent and help to form a stable electrode/electrolyte interface. This electrolyte 
was used in Herrera et al. (2014). In this, atomic force microscopy (AFM) was used to study 
the morphology of Li2O2 in the LiPF6 in DMSO electrolyte. The cathode in this case was a 
highly orientated pyrolitic graphite (HOPG), where the discharge products were deposited on 
its surface. This is a system for carbon electrode material where the surface area consisted of 
highly reactive areas at the step edges and low reactivity in the basal plane (Herrera et al. 
2014). LiPF6 was also utilised in Akbulut et al. (2015), in which carbonate-based solvents were 
used in conjunction with Al2O3 to prevent irreversible carbonate formation. This demonstrates 
that nanocomposite electrolytes can aid cycling, and it was also demonstrated to protect the 
lithium electrode from nucleophilic attack. This paper claims that DMSO stabilises the 
superoxide ion (O2-) and is also stable towards nucleophilic attack. During cell discharge, the 
paper claims that the higher the overpotential between the electrodes, the faster the deposition 
of the discharge product (Li2O2) (Akbulut et al. 2015). Reducing the overpotential reduced this 
deposit, typically through the addition of a catalyst (Herrera et al. 2014).  
Whilst several ether based electrolytes have been demonstrated to be unstable, there are 
some investigators who have demonstrated higher stability utilising ethers. Jung et al. (2012) 
propose a cell utilising tetra(ethylene) glycol dimethyl ether-lithium triflate (TEGDME-
LiCF3SO3) electrolyte. This was demonstrated to be stable on cycling, with a very high capcity 
of 5000 mAh/gcarbon (Jung et al. 2012). This is a very high capicity relative to other published 
works, however the makeup of the cathode was never specified. The use of graphene and 
lighter carbons gives very high cell capacities when compared to others simply because the 
actual mass of carbon is so low (Kim et al. 2015). This has led to many reporting cell capacity 
by the grams of discharge product (Li2O2) produced so that there is a standard to compare 
between the cell makeups. From this, it is clear that there is no general consensus amongst 
the literature at this time for what is the optimal cell configuration. It is clear that modelling is 
required to help combat the extensive cost of gathering the experimental data.  
 
2.4.2.3. Reaction mechanism 
The overall mechanism for the discharge product formation is still in contention for all of the 
configurations shown above. Studies to determine the reaction mechanism include the use of 
in-situ Raman spectroscopy (Peng et al. 2011, Gittleson et al. 2015, Yu and Ye 2015), NMR 
(Leskes et al. 2013), and XRD (Li et al. 2018) (among other techniques). This requires much 
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testing however, as it has been demonstrated that the reaction steps vary depending on the 
electrolyte solvent and salt (Aurbach et al. 2016). The mechanism of the aqueous battery 
configuration will be considered first. The discharge reaction in an aqueous electrolyte is 
shown in Equation 2-30 (Girishkumar et al. 2010, Tao Zhang et al. 2011). 
4𝐿𝑖+ + 𝑂2 + 3𝐻2𝑂 → 4(𝐿𝑖𝑂𝐻 ∙ 𝐻2𝑂) (2-30) 
This cell is often researched to overcome several limitations found in non-aqueous lithium-air 
cells. Firstly, it eliminates the need for the removal of moisture from the cell which can often 
be difficult to do in a large-scale industrial setting. The second is the limitation of the insolubility 
of the discharge product, as discussed earlier. The Li2O2 deposits on to the active surface 
area of the porous carbon, which means the pore volume and surface area limit the total 
charge available in the battery. In this configuration, the LiOH discharge product is soluble. 
This prevents the need for tuning a porous architecture to gain an optimal discharge capacity 
(Girishkumar et al. 2010, Liu et al. 2015).  
The main limiting factor in the development of an aqueous battery is that the lithium electrode 
reacts readily with water, reducing the cyclability of the cell. This can be prevented with the 
addition of lithium ion conducting membranes to protect the electrode (Girishkumar et al. 
2010). Due to the difficulty of the reversibility and the instability water causes, the literature 
has a greater focus on the aprotic non-aqueous configuration. This configuration typically has 
a 30% higher energy density than an aqueous system, and also generates greater stability 
and cyclability (Tao Zhang et al. 2011).  
To choose the best materials for the cell, it is important to understand the mechanisms of the 
reactions taking place in the cell. Many studies have looked into this mechanism through both 
experimental and modelling techniques (Zhang et al. 2010, Peng et al. 2011, Leskes et al. 
2013, Safari et al. 2014). In a typical O2 reduction reaction (ORR), it was found that LiO2 is 
formed as an intermediate in the formation of Li2O2. However, on oxidation of Li2O2 (charging), 
LiO2 may not be seen as an intermediate product (Peng et al. 2011). In Peng et al. (2011), in-
situ SERS spectroscopy was carried out on a gold electrode in an O2 saturated 0.1 M LiClO4-
CH3CN non-aqueous electrolyte. This demonstrated that the reduction of O2 first forms the 
superoxide ion, O2-. This then reacts with the lithium ions to form LiO2. This product is unstable, 
and over time slowly dissociates to Li2O2. The reaction equations are shown in Equation 2-31 
to Equation 2-33 (Peng et al. 2011). 
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𝑂2 + 𝑒
− → 𝑂2
− (2-31) 
𝑂2
− + 𝐿𝑖+ → 𝐿𝑖𝑂2 (2-32) 
2𝐿𝑖𝑂2 → 𝐿𝑖2𝑂2 + 𝑂2 (2-33) 
The presence of a superoxide ion is observed in several other mechanistic studies. Yu and 
Ye (2015) observed the superoxide ion in a DMSO based electrolyte but did not observe the 
intermediate LiO2. (Leskes et al. 2013) detected Li2O2 as the main discharge product, but also 
observed significant electrolyte decomposition. Zhang et al. (2010) did not observe the 
superoxide ion in the mechanism, however LiO2 was present as the intermediate.  
In charge, the oxidation of Li2O2 occurs at a much higher voltage (3.75V) than that of LiO2 
(3.5V). Therefore, the reverse of these reactions does not employ LiO2 as an intermediate as 
it would be unstable at the required potential. The reaction for charging is shown in Equation 
2-34 (Peng et al. 2011).  
𝐿𝑖2𝑂2 → 𝑂2 + 2𝐿𝑖
+ + 2𝑒− (2-34) 
As mentioned previously, the above mechanisms prove to be in contention when different 
electrolyte solvents are utilised. This is because they may partake in the reactions to form 
irreversible side products, and in some cases intermediate complexes. Chen et al. (2012) 
investigated reactions in a Li-O2 battery utilising a dimethylformamide electrolyte using XRD, 
FTIR, NMR, and mass spectrometry. They were able to confirm the presence of the 
superoxide ion and the LiO2 intermediate and were able to detail a complex reaction 
mechanism involving the dimethylformamide electrolyte. It is useful to know that the electrolyte 
can participate in the reaction mechanism, however this only applies to this specific cell 
configuration.  
Whilst Li2O2 formation is the target of discharge, it is important to determine the structure of 
the formed discharge product. High overpotentials cause Li2O2 to deposit as a thin film, whilst 
lower overpotentials and the addition of certain additives promote the formation of large 
crystals of Li2O2 in the solution (Aurbach et al. 2016). It has also been demonstrated that the 
solvation of LiO2 in the electrolyte is also a factor in determining whether Li2O2 forms as a thin 
film or crystalline. If the solvation is high, the reaction occurs in the electrolyte and forms 
amorphous crystals. If the reverse is true, the reaction occurs on the surface and forms a thin 
film (Johnson et al. 2014).  
There are other studies which investigate the effect of the solubility of the ions in the 
electrolyte, as well as the interaction of the ions with the solvent. It has been found that the 
use of solvents with higher solubility of Li+ promotes both the formation of solvent/superoxide 
complexes as well as the solvation of LiO2, and that stability on cycling can be improved (Burke 
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et al. 2015, Kwabi et al. 2016). Another factor is the current density used, as higher current 
densities promote thin films and lower current densities promote nanocrystalline deposits 
(Adams et al. 2013, Horstmann et al. 2013b). It is clear from all of these studies that the cycling 
mechanism is still very much in contention and depends on many different factors, however 
the general consensus amongst the literature is that Li2O2 is the desired discharge product. 
 
2.4.3. Lithium air battery simulations  
Due to the issues currently plaguing Li-air battery research, it is necessary to simulate the use 
of certain materials for the components of a cell. This helps address the issues expressed 
above with ease. One of the earliest lithium-air battery models is seen in Sandhu et al. (2007). 
In this, a one-dimensional mass transport model is presented where the porous carbon 
electrode is assumed to be a uniform pore size. This assumed that the Li2O2 deposition in the 
electrode on discharge is uniform, and that as such the pore radius reduces during discharge. 
This is a diffusion limited model in which only the dimensionless concentration of oxygen was 
calculated, and that the reaction follows Tafel kinetics. This allowed for analysis of the effects 
of current density, pore size, and also the partial pressure of oxygen at the air boundary 
(Sandhu et al. 2007). This model set a useful benchmark for mass transport modelling, from 
which many more have spawned.  
An important aspect of the Li-air battery model is to simulate O2 transport in electrolytes, 
something which was explored experimentally in Read et al. (2003). They determined that the 
solubility of oxygen in the electrolyte solvent configuration is important in determining the 
activity of the battery. They calculated the diffusion coefficients of molecular oxygen in several 
of the configurations using the Nernst-Planck equation, which relates the diffusion coefficient 
to the viscosity of the solvent. They determined that increasing the oxygen concentration (by 
increasing the partial pressure), or by using solvents with a lower viscosity, increases the 
overall capacity of the battery (Read et al. 2003). Their study presents diffusion coefficients 
for O2, however there are other coefficients that are dependent on the electrolyte. These 
include the activity coefficient and the thermodynamic coefficient. These are coefficients used 
to define the transport phenomena of the species in question in a specified electrolyte (Nyman 
et al. 2008). Full electrolyte characterisation is therefore required for accurate modelling.  
Li-air battery configurations can be difficult to model accurately due to the variable nature of 
the activity in the cell. As discussed previously, the different configurations of cell all produce 
different discharge products, and variations therein form different structures of the Li2O2 
deposit layer. Wang (2012) looked at three different deposition mechanisms of the Li2O2 
deposit layer, and ways in which to model its effect on the voltage drop across the layer as it 
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changes during discharge. They determined that the Li2O2 formation can be described by 
localised formation of islands of the deposit at the beginning of discharge, which then connect 
and more closely follow the thin film deposition for the remainder of the discharge (Wang 
2012). This is however dependent on the electrode/electrolyte interface, and the combination 
of the materials used.  
Mass transport models dominate the Li-O2 simulation literature, where many are solved in one 
dimension for ease. Li and Faghri (2012) present a two-dimensional mass transport non-
isothermal model. The aim of this study was to more fully investigate the effect of the porous 
current collector (nickel foam) on the activity of the battery, as well as the effects of changing 
temperature in the cell. In this model, the mass transport was solved based on basic diffusion 
with no convection term. Also, no overpotential was considered in this model, which negated 
the effects of the Li2O2 layer. In reality, this would have a significant effect on the battery 
activity. Whilst this model showed good agreement with experimental data, it ignored several 
key aspects of the Li-O2 battery. It did also demonstrate that a multi-dimensional model takes 
into account a more accurate view of Li2O2 deposition in the porous electrode and is useful to 
ensure a more accurate representation of the electrode (Li and Faghri 2012).  
The model presented in Li and Faghri (2012) was expanded on in Li et al. (2015). In this paper, 
a model was presented utilising what is referred to as an, ‘active cathode,’ where the porous 
cathode is connected to a circulating supply of electrolyte which is continuously resupplied 
with oxygen. This is an interesting concept which helps to address issues of O2 consumption 
on discharge. This model showed that the circulating electrolyte is predicted to cause a more 
even deposition of Li2O2 in the electrolyte, demonstrating its benefits experimentally (Li et al. 
2015). 
A one-dimensional model of the micro-macro cycling of the rechargeable Li-O2 battery is 
described in Sahapatsombut et al. (2013b). This model considered the electrodes and 
electrolyte as two separate continua where the limiting factor was the dynamic behaviour of 
the porosity of the cathode, which decreased with time due to the build-up of Li2O2 on the 
cathode surface. This also considered the mass transport of the lithium ions and oxygen 
molecules throughout the cell, and also through the increasingly thicker Li2O2 layer upon cell 
discharge. With the three electrodes and electrolyte, the cell was modelled as having four 
boundaries and three regions. To map the charge/discharge cycles, the cell voltage was found 
as the difference between the potentials at both electrodes of the cell.  
With regards to the chemical reactions, another assumption the model made was that Li2O2 is 
the only product, ignoring the presence of side reactions. This means the model is unable to 
predict the repetitive charge/discharge cycle of the same cell. This was expanded on in 
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Sahapatsombut et al. (2013a), where the formation of carbonates was calculated through 
carbonate-based electrolytes reacting with the lithium ions. They were able to gain good 
agreement with experimental data on capacity retention, with a volume fraction of 
approximately 0.18 Li2CO3 present in the cathode after 10 cycles (Sahapatsombut et al. 
2013a). This method is very good at representing the true activity of a cell, however it is difficult 
to determine the reaction rates of both the desired and parasitic reactions accurately.  
Gwak and Ju (2016) proposed a three-dimensional model written using ANSYS-FLUENT, a 
computational fluid dynamics (CFD) program. This model followed a similar transient idea to 
the model proposed in Sahapatsombut et al. (2013), focusing on a non-aqueous electrolyte 
with conservation of: mass, momentum, species, and charge. The conservation equations are 
in a similar sequence to those proposed in Sahapatsombut et al. (2013), discretised in a 
three—dimensional mesh with an identical cell structure as that presented in Sahapatsombut 
et al. (2013). Two different versions of the porous electrode were proposed; a flooded 
electrode and a wetted electrode. In the flooded electrode, the electrolyte has fully filled all of 
the pores in the porous electrode. In the wetted model, the electrolyte does not fill the pores 
but rather just coats the surface of the electrode. It is theorised that a wetted configuration 
improves gaseous O2 uptake into the cell, and increases the overall cell capacity. This has 
however not been confirmed to be true prior to this simulation study.  
The model in Gwak and Ju (2016) demonstrated good correlation between the predicted cell 
activity and the validation cells assembled to compare the results against. The model theorised 
that cathode thickness plays a part in oxygen transport, as a cathode too thick prevents full 
optimal oxygen uptake. The cathode thicknesses of 375 μm and 750 μm were compared in 
simulations of this model. It was found that a thinner cathode gave a higher capacity overall, 
despite the reduction in active surface area by a smaller cathode. This will be looked at in the 
model for this project, and an optimal thickness determined. It was also confirmed that the 
wetted electrode improved O2 uptake and overall cell capacity, as predicted. This will add an 
additional parameter to the model, as the volume fractions of the following in the cathode need 
to be considered: the solid cathode material, the void space, and the electrolyte. Void space 
is not considered in the flooded electrolyte. The model also confirmed that oxygen uptake has 
a much greater effect on the capacity than the lithium (Gwak and Ju 2016). 
The model in Sahapatsombut et al. (2013b) assumed an even layer of Li2O2 deposition at 
each node across the active surface area. This means that along the x axis the thickness of 
the layer may vary, but at each node cross section the layer will be even. O2 diffuses across 
this layer to reach the active surface area of the cathode for discharge. The paper gives an 
equation for diffusion across this film but gives no values of the diffusion coefficient for this. 
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However, Jung et al. (2015) proposed a model where the Li2O2 layer is not continuous when 
deposited. This paper also gave values for Li+ and O2 diffusion coefficients across a Li2O2 
membrane, values which will be used in the model for this project. This will keep the model as 
close to real conditions as possible (Jung et al. 2015).  
The same group who published the paper Sahapatsombut et al. (2013b) have published 
additional updates to this model. A different version using the same basic model proposed 
using an oxygen selective membrane (OSM) and operating the battery in ambient air. This is 
an ideal scenario for an Li-O2 battery as it is a part of the practical operation predicted for 
commercialisation. An OSM needs to reduce moisture ingress into the battery, allow full 
diffusivity of O2, and remove the CO2 and other contaminants causing side product formation 
(Sahapatsombut et al. 2014). The initial and boundary conditions of the model remained the 
same, with the addition of another region (the OSM) on the air side of the cathode.  
Several assumptions were made in these papers, one of the main ones being that the cell 
operates in isothermal conditions. In reality, the formation of lithium peroxide is exothermic 
(Liu et al. 2016). Changes in temperature may cause thermal swelling in the cathode, which 
will induce mechanical stress (and possibly a piezoelectric potential). This is another reason 
the cathode will need to be mechanically strong. In Oh and Epureanu (2016), a thermal 
swelling model for a lithium-ion battery is proposed. This proposed a parabolic change in 
temperature across the length of the cell, where the highest temperature occurred in the centre 
of the cell. The model fitted well with preliminary experiments carried out by placing 
temperature sensors at different positions in the cell. The model assumed a uniform reaction 
across the length of the cell, and therefore uniform heating (Oh and Epureanu 2016). This 
demonstrates that representing exothermic reactions is possible in modelling.  
As per the other models reviewed in this chapter, the complex pore structures in nanocarbons 
are often simplified to assume a uniform pore size. However, the effect of the porous structure 
is considered in several of the models in the Li-air literature, due in part to the popularity of the 
system and the race to finalise the chemistry. As stated previously, larger pores help to 
facilitate the transport of the reactants, whilst smaller micropores facilitate the deposition of 
Li2O2 (Shen et al. 2018). It is also important to consider accessibility and permeability of the 
pores in a model, as well as the density and number of each of the pore sizes present in the 
electrode (Jivkov et al. 2013).  In terms of modelling, Bevara and Andrei (2014) investigated 
how changes to the cathode microstructure affect the theoretical capacity of the Li-Air battery. 
They adjusted the established governing equations for mass transport in order to take into 
account the different pore microstructure present in the cathode. They did this by integrating 
across the total number of pore sizes present that follow the pore structure being considered 
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(cylindrical, spherical, tubular, and spherical nanoparticles) for each of the different 
parameters. They determined that the rate constant is affected substantially by the specific 
interfacial surface area, and that keeping the pore volume in the micropores at the highest 
level is essential to ensure maximum Li2O2 deposition (Bevara and Andrei 2014). This clearly 
demonstrated that incorporation of the PSD is important, however there are less complicated 
ways to do so.  
Xue et al. (2014) proposed a multiscale model within which the effect of the pore size 
distribution was considered. The overall model was one dimensional, with a similar structure 
as that presented in Sahapatsombut et al. (2013b). They incorporated the PSD by adding an 
electron tunnelling probability to the calculation of the potential, where the probability of the 
electrons travelling through pores of different sizes was considered. This probability reduced 
with the deposition of Li2O2 (Xue et al. 2014). This is a useful method for incorporating the 
PSD but becomes complex when the PSD has more than one peak.  
Torayev et al. (2018) built a three-dimensional pore network model to investigate the effect of 
the pore interconnectivity, in order to address the oversimplification of the Bruggeman 
coefficients. They created this by building 3D pore structures experimentally from tomography 
imaging of Super P carbon using transmission x-ray microscopy (TRM). They were then able 
to identify the lengths of the pore throats between pores by expanding spherical pores in the 
map until they met a point designated as solid. The concentration of the reactants changed 
with time in each pore by calculating the fluxes of the neighbouring pores and subtracting them 
from the pore being solved for. This showed direct comparison and good agreement with 
experimental data and showed that materials with higher overall porosity give an optimal 
capacity (Torayev et al. 2018). Whilst this is a good technique to map a three-dimensional 
pore structure, the tomography technique they used here did not capture nanopores. Thus, a 
large part of the PSD is missing from their simulations, particularly if a material considered 
was mesoporous. 
With the multitude of Li-air mass transport models presented in the literature, there are many 
groups who have presented different variations in order to address additional features in the 
battery. One of these is presented in Yoo et al. (2014), within which the changing volume of 
the cell due to Li2O2 deposition and the lithium consumption were considered via moving 
boundary conditions. This took into account the effects of volume changing on the electrolyte 
flooding and the different factors therein (Yoo et al. 2014). Yin et al. (2016) also present a 
mass transport model focussing exclusively on charge, and the effect of Li2O2 morphology on 
this. They followed the stepwise charging process of the breaking down of Li2O2, giving two 
charging plateaus in the charge curve. They showed that the higher the proportion of thin film 
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Li2O2, the longer the lower plateau is (Yin et al. 2016). This is indicative of the reaction requiring 
a lower charging potential due to the thinner morphology. 
Other models also investigate the use of catalysts as a way to reduce the charging 
overpotential in the Li-O2 battery, as well as increasing the discharge potential. This can 
typically be done through the use of surface catalysts which promote interaction between the 
Li-O bond and the carbon (Fan et al. 2019). Chen et al. (2011) investigated the effect of two 
transition metal catalysts (Au and Pt), and the transport of the reactants through the Li2O2 
deposition layer.  
Yin et al. (2017) modelled the formation of different sizes of Li2O2 crystals and the effect of 
this on the overall discharge performance. This looked at the fraction of different sized particles 
formed on discharge, demonstrating an interplay between particle size, discharge rate, and 
discharge capacity. (Ayers and Huang 2016) present a model which investigated the effect of 
the formation of dendrites on the lithium electrode which may cause shorting and premature 
cell death (Ayers and Huang 2016). Most of the models and research in the literature focus 
on the non-aqueous cell configuration, but others also consider aqueous configurations 
(Horstmann et al. 2013a). All of these models demonstrate the multitude of issues that have 
been investigated, however it is difficult to find a fully comprehensive model incorporating all 
of these at this stage.  
As mentioned previously, the reaction mechanism in discharge is in contention. Most models 
here assume a one-step reaction, which does not represent the true mechanism in most 
configurations. Ren et al. (2017) present a one-dimensional volume averaged mass transport 
model where LiO2 was utilised as an intermediate in the formation of Li2O2 on discharge. The 
reactions followed Tafel kinetics, and the molar flux and the mass transport of all three 
reactants (Li+, O2, and LiO2) were calculated. This model generated good agreement with 
experimental data. They were able to determine that promoting LiO2 dissolution decreased 
the charging overpotential by releasing sites on the active carbon surface (Ren et al. 2017). 
Tan et al. (2013) demonstrated that theoretically the capacity increased where more LiO2 was 
produced relative to Li2O2 as the final discharge product.  
 
2.5. Concluding remarks 
In this chapter, many of the published studies pertaining to the experimental and modelling 
developments in supercapacitors, Li-S batteries, and Li-O2 batteries have been presented and 
analysed. It is clear from the literature that whilst many models have been published, there is 
an overall consensus that carbon is typically modelled as a material with a single uniform pore 
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size, along the length of which mass transfer is calculated. There are methods in the literature 
which have addressed this, but many are complicated and require significant computing 
power. As many of the energy storage devices considered in this chapter utilise electrodes (or 
just the cathode in the case of the batteries) made from mesoporous materials with a wide 
PSD, simulation of ion transport through pores of different sizes is very important in order to 
gain accurate results. Large pores provide fast conduits to the micropores and facilitate ion 
transport. Micropores provide a large surface area on which an EDL can form (in the case of 
the supercapacitors) or to facilitate interfacial reactions (in the case of the batteries). It was 
therefore considered to be of benefit to the field to develop a universally applicable ion model 
incorporating ion transport through multiple pore sizes, which allows for full representation of 
the PSD of the electrode. 
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3. Experimental Methods  
3.1. Introduction 
This chapter introduces the materials used in the electrodes of the supercapacitors and 
batteries simulated in Chapters 5, 6, and 7 of this thesis. The following section will detail the 
methods used to characterise the pore structure of the materials and to produce the pore size 
distributions used as the input data in these simulations. Experimental galvanostatic 
charge/discharge used to validate the other models detailed in this thesis, namely the 
supercapacitor and the lithium-sulphur battery models, were gained from published data in the 
literature and from the group at the University of Surrey. The experimental methods for the 
supercapacitor experimental work can be seen in Markoulidis (2014) and Fields et al. (2016). 
The experimental methods for the Li-S battery data can be seen in Elazari et al. (2011).  
Experimental work was carried out as a part of this project to fabricate electrodes and 
assemble Li-O2 batteries. Further testing of these cells was carried out to assess their 
electrochemical performance and collect galvanostatic charge/discharge data for 
experimental validation.  
 
3.2. Materials 
3.2.1. Materials for supercapacitor cells 
Experimental data for supercapacitor cells were obtained from past work within the 
AUTOSUPERCAP project undertaken within the group prior to the start of this project. The 
data is contained in Markoulidis (2014) and Fields et al. (2016). The electrodes used in these 
cells were characterised as a part of this project using the methods described in section 3.4. 
There are a total of three different supercapacitor cell configurations simulated in this study. 
All are symmetric EDLC cells, compromising of the components detailed in Table 3-1. 
 
Table 3-1 – Supercapacitor configurations used in this thesis.  
Configurations  1 2 3 
Current collector Toyal-Carbo foil Aluminium foil Aluminium foil 
Electrode material Kynol Activated 
Carbon Fibre 
Activated Carbon 
coating 
Activated Carbon 
coating 
Separator Cellulose NKK 
TF4055 
Paper Paper 
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Electrolyte 1.5 M TEABF4 in 
acetonitrile 
1.5 M TEABF4 in 
acetonitrile 
1.5 M TEABF4 in 
propylene carbonate 
 
Configuration 1 utilised a Toyal-Carbo foil as the current collector, supplied from Toyal Toyo 
Aluminum K. K. This is an aluminium foil in which the surface consists of Al4C3 whiskers coated 
with carbon black nanoparticles. This improves the conductivity of the foil relative to pure 
aluminium. The Kynol activated carbon fibre (ACF) 507-15 was sourced from Kynol Europa 
GmbH. This also provided many of the properties of the material, detailed in Table 3-2. The 
electrolyte salt was supplied by Sigma Aldrich and the solvent by Alfa Aesar (details given in 
Fields et al. (2016)). 
 
Table 3-2 – Properties of Kynol ACF 507-15. 
Kynol ACF 
Property Value Units Reference 
𝜎1 3.52 S/m (Huang 2017) 
𝐿 0.5 m (Kynol Europa GmbH 2012) 
𝑤 120.5 g/m2 (Kynol Europa GmbH 2012) 
𝑎 1500 m2/m3 (Kynol Europa GmbH 2012) 
𝑅𝑐1 0.0548 Ω/m
2 Calculated 
 
The activated carbon (AC) used as a part of the activated carbon coating was sourced from 
Sigma Aldrich. The coating was mixed into a slurry with a PTFE binder, as detailed in 
Markoulidis (2014). The properties used to solve the algorithms presented in this thesis are 
seen in Table 3-3. This coating is identical for both algorithms presented for configurations 2 
and 3. 
 
Table 3-3 – Properties of AC. 
Activated Carbon 
Property Value Units Reference 
𝜎1 10 S/m (Sahapatsombut et al. 2013b) 
𝐿 0.13 m Calculated 
𝑤 52 g/m2 (Markoulidis 2014) 
𝑎 216.47 m2/m3 Calculated 
Chapter 3: Experimental Methods 
Joshua Bates   92 
 
 
3.2.2. Materials for lithium-sulphur battery cells 
Experimental data and material characterisation were obtained from Elazari et al. (2011). This 
data was used as part of experimental validation of the Li-S battery algorithm written and 
developed for this project. The Li-S battery followed the configuration detailed in Table 3-4. 
 
Table 3-4 – Lithium-sulphur battery configuration used in this thesis. 
Current collector Kynol ACF 
Cathode electrode material Elemental sulphur (impregnated on Kynol ACF surface) 
Separator Polypropylene membrane (Celgard inc.) 
Electrolyte 0.7 M LiTFSI and LiNO3 in DOL:DME 
Anode electrode material Lithium foil 
 
As described in the previous chapter, and Li-S battery cathode typically consists of sulphur 
mounted on a supporting carbon electrode. Despite utilising an identical material to that of the 
supercapacitor material detailed above, the impregnation of sulphur alters the properties of 
the ACF (which is in this case the carbon backbone of the electrode). The impregnation 
method is detailed in Elazari et al. (2011). The properties of this electrode are detailed in Table 
3-5. The specific surface area of the ACF was reduced relative to the pristine material as a 
result of the sulphur impregnation blocking the smallest micropores in the material. This is 
evident from the PSD calculated from the nitrogen adsorption isotherm in Elazari et al. (2011). 
The assumption was made that the conductivity of the electrode is the same as the pristine 
ACF material. The properties of this electrode are detailed in Table 3-5. 
 
Table 3-5 – Properties of the sulphur impregnated Kynol ACF electrode. 
Sulphur impregnated Kynol ACF 
Property Value Units Reference 
𝜎1 3.52 S/m (Huang 2017) 
𝐿 0.6 mm (Elazari et al. 2011) 
𝑤 194.8 g/m2 (Elazari et al. 2011) 
𝑎 1200 m2/m3 (Elazari et al. 2011) 
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3.2.3. Materials for lithium-oxygen battery cells 
The final algorithm presented in this thesis is used to simulate the discharge of a Li-O2 battery. 
There were two configurations of Li-O2 batteries simulated in Chapter 7 of this thesis, which 
are detailed in Table 3-6. 
 
Table 3-6 – Lithium-oxygen battery configuration used in this thesis.  
Configurations  1 2 
Cathode current 
collector 
Stainless steel mesh Stainless steel mesh 
Cathode electrode 
active material 
Titanium carbide  Kynol ACF 507-15 
Separator Glass fibre Whatman GF/F filter paper and 
Cellguard 
Electrolyte 0.5 M LiPF6 in DMSO 1 M LiPF6 in EC:DEC 
Anode electrode 
material 
LiFePO4 based coating Lithium foil 
 
The first algorithm, that using a TiC coating as the cathode active material, was solved and 
validated against an experimental discharge curve presented in Thotiyl et al. (2013b). Material 
characterisation was carried out through manufacture of the TiC coating based on the methods 
presented in this paper. The TiC has an average particle size of 40 nm and was sourced from 
Skyspring Nanomaterials. The coating manufacture method is detailed in section 3.3.2, and 
this was subsequently characterised using the methods detailed in section 3.4. The properties 
of the pristine TiC can be seen in Table 3-7.  
 
Table 3-7 - Properties of the TiC nanopowder based electrode. 
Property Titanium Carbide Units Reference 
𝜎1 5.55x10
5 S/m (Shackelford and Alexander 
2001) 
𝐿 5.8x10-4 m Calculated 
𝑤 39.9 g/m2 (Shackelford and Alexander 
2001) 
𝑎 50 m2/g Calculated 
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The second algorithm presented in Chapter 7 of this thesis simulates the discharge activity of 
a Li-O2 battery with a Kynol ACF cathode, as detailed in Table 3-6. Cells were manufactured 
and tested in-house following the method detailed in section 3.5. Lithium foil was sourced from 
Sigma Aldrich (CAS 266000), and the Kynol ACF 507-15 was sourced from Kynol Europa 
GmbH. Table 3-5 defines the values of the variables used to solve this algorithm. The 
electrolyte is a commercially available solution supplied from Sigma Aldrich (CAS 746738).  
 
3.3. Fabrication of Electrode Coatings for Li-O2 batteries 
3.3.1. Lithium electrode manufacture 
In this section, the fabrication procedure for Li-O2 electrodes and cells is detailed. The counter 
electrode in a Li-O2 cell is typically pure lithium foil or a lithium-based compound. The use of 
pure lithium is limited in the literature due to the inherent increased instability of using pure 
lithium relative to a more stable compound. Therefore, many cells utilise lithium iron phosphate 
(LiFePO4) as the counter electrode material. This increases the stability of the overall cell at 
the cost of a reduced cell capacity. Carbon black (CB) is often added to the electrode as an 
active material to improve the electrode conductivity. A binder is required to ensure adhesion 
of the coating to the current collector, such as polyvinylidene fluoride (PVDF).  
Lithium foil used was used in this project to eliminate the uncertainty of using a LiFePO4 based 
electrode. As the experimental work in this thesis was just used for algorithm validation 
purposes, investigation into the optimal configuration of a LiFePO4 based coating was not 
required. Lithium foil acts as the controlled variable in the investigation against the 
independent variable of the cathode electrode.  
A lithium anode made from lithium foil does not require the mixing of the slurry, nor a coating. 
The foil is prepared as follows. The material as supplied (99.9%, Sigma Aldrich CAS 266000) 
was transferred into the argon environment of an mBraun glove box (<0.1 ppm H2O, <0.1 ppm 
O2) without exposure to air. The foil was prepared in the glove box by scraping the surface to 
remove the carbonaceous layer. A 1 cm diameter electrode was cut from the foil and pressed 
on to a stainless steel current collector. In a typical Li-O2 cell, the loading of lithium is required 
to provide capacity at least 5-10 times in excess of that of the cathode material (Ottakam 
Thotiyl et al, 2013). This is to prevent the dissolved oxygen in the electrolyte from forming an 
oxide layer on the lithium electrode that is too thick to allow the lithium ions to diffuse into the 
electrolyte. The use of lithium foil ensures that this will be the case.  
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3.3.2. Cathode electrode coating manufacture 
The working electrode in the Li-O2 cell is typically a porous carbon material. Nanocarbons offer 
the advantages of high porosity and high surface area for deposition of the lithium peroxide 
discharge layer. Titanium carbide (TiC) has been demonstrated in the literature to be a stable 
cathode material, so has been used in this thesis (Thotiyl et al. 2013b). Typically, this is coated 
on to a stainless steel mesh to allow for maximum porosity on the macro scale, which allows 
for oxygen to permeate into the electrode. This section details how the TiC coating was 
manufactured as part of this project. This coating was removed from the current collector it 
was coated on as part of the PSD calculation, the method of which will be detailed later.  
 
3.3.2.1. Cathode electrode loading 
As discussed previously, the loading of TiC needs to be of an order lower than the loading of 
lithium. Through calculation, an optimum loading was found to be in the region of 4 mg/cm2. 
To estimate the required coating thickness, the coating area needs to be known. As the current 
collector is a mesh, it can be assumed that the coating will only be able to deposit on the steel. 
The mesh used was a Goodfellows stainless steel FE248705 with a nominal aperture of 0.103 
mm and an open area of 37% (Goodfellow 2018). It can therefore be assumed that only 67% 
of the total electrode area will be coated with active material (over the solid stainless steel). 
An image of the mesh can be seen in Figure 3-1. 
 
 
Figure 3-1 - The stainless steel mesh used for the current collector in the TiC electrode (Goodfellow 2018).  
Chapter 3: Experimental Methods 
Joshua Bates   96 
 
 
To verify the mesh is to the manufacturer’s specifications, the mesh images were processed 
in MATLAB. This involved turning a microscope image into a binary version and dividing the 
total number of pixels of voids by the total number of pixels in the image. An example of this 
can be seen in Figure 3-2. Taking this over a series of images of the mesh, an average value 
of void percentage in the mesh area was calculated to be 37.2%. Therefore, the 
manufacturer’s value of 37% void by area will be taken in these calculations.  
 
 
Figure 3-2 – An example of the unfiltered and filtered images of the 0.1 mm aperture mesh used as the current 
collector for the TiC electrodes. The image was made to be binary in MATLAB, and then the sum of the pixels 
representing voids was divided by the total number of pixels in the image. An average was taken of five images of 
the mesh to give a void percentage of 37.2%. 
 
An optimal loading of 4 mg/cm2 of TiC translates to 9 mg/electrode of TiC for this electrode 
size. This is the target when calculating the optimal coating thickness. The volume of the TiC 
coating in m3 can be expressed as per Equation 3-1. 
𝑉𝐶𝑜𝑎𝑡𝑖𝑛𝑔 = 0.015
2 ∗ 0.63𝑥 = 1.418 × 10−4𝑥 (3-1) 
Where 𝑥 is the thickness of the coating in metres. As per the lithium electrode, the bulk 
densities of the constituent components are required to calculate the coating thickness. As 
per the literature, the constituent components of this electrode are 90 %wt TiC and 10 %wt 
PTFE binder. As per the material manufacturer’s specifications, the TiC nanopowder has a 40 
nm average particle size and a density of 0.08 g/cm3 (Skyspring Nanomaterials 2016). PTFE 
has a density of 2.2 g/cm3 (AFT Fluorotec Limited 2016). The volume ratios and the calculated 
mass ratios can be seen in Table 3-8. 
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Table 3-8 – The composition of the TiC electrode  
Species TiC PTFE 
Mass ratio (wt%) 0.90 0.10 
Density (ρ) (g/cm3) 0.08 2.2 
Specific volume ratio (cm3/g) 11.25 0.046 
Volume ratio (normalised) 0.996 0.004 
 
Using this, the volume of TiC in the electrode coating can be expressed as per Equation 3-2. 
𝑉𝑇𝑖𝐶 = 0.996 ∗ 1.418 × 10
−4𝑥 = 1.412 × 10−4𝑥 (3-2) 
Using a target loading mass of 9 mg/electrode, the density of TiC from Table 3-8 can be used 
with Equation 3-2 to find the final coating thickness. This is shown in Equation 3-3. 
𝑥 =
9 × 10−3
(1.412 × 10−4 ∗ 0.08 × 106)
= 797 𝜇𝑚 
(3-3) 
Therefore, a coating thickness of 800 µm is the target for the TiC coating. This may be 
practically not achievable, as the thicker the coating the more fragile it will be. The manufacture 
methodology and final loading achieved can be seen in section 3.3.2.2. 
 
3.3.2.2. Cathode coating manufacture methodology 
This section will detail the manufacture of the TiC based electrodes for the Li-O2 cell. To begin 
the manufacture of the slurry, 3 g of TiC powder was weighed and added to acetone to make 
a 15% concentration solution (by mass). This mass of TiC created enough slurry for the 
manufacture of approximately 20 electrodes. This solution was then placed into a Fisher model 
505 Sonic Dismembrator for dispersion. The dispersion settings can be seen in Table 3-9. 
These settings were determined through a series of tests in which different values of time and 
power were used, and the dispersion observed to see the time taken for the material to settle. 
The powder was observed to remain dispersed during mixing after adding the binder gel with 
the settings shown in Table 3-9. 
Whilst this was taking place, the binder gel was mixed by 0.3 g of PTFE and adding to acetone 
to make a 15% concentration suspension. Once both were fully mixed, the gel was added to 
the TiC suspension and mixed with a magnetic stirrer for 2 hours. The beaker was covered for 
the first hour, and then uncovered for the second hour. This allowed time for the acetone to 
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evaporate slightly until a thick slurry was achieved. The thick consistency allowed for an easier 
coating on a mesh when compared with the pure suspension. Following coating, the 
electrodes were placed in a vacuum oven for four hours at 150 oC. 
 
Table 3-9 - Settings used in the Fisher model 505 Sonicator used to disperse the 40 nm TiC particles. First of all, 
the setting shown in the stage 1 column are used. Then, the solution is removed and any solid powder deposits 
are scraped down from the sides of the beaker. The solution was then placed back in the sonic dismembrator and 
stage 2 was applied for final dispersion.  
Parameter Stage 1 Stage 2 
Time on (s) 30 30 
Time off (s) 40 40 
Total time (s) 300 300 
Power amplitude (%) 20 40 
 
3.3.2.3. Uncoated cathode electrode manufacture 
The final cathode electrode manufactured for this project was that of the Kynol ACF, as 
detailed in section 3.2.1. This material required no coating as the material is itself active. The 
ACF was cut to electrodes 10 mm in diameter using a cutting press. The electrodes were 
prepared by drying under a dynamic vacuum for two hours before being transferred to the 
argon environment of the mBraun glove box without exposure to air.  
 
3.4. Li-O2 cell fabrication and testing  
3.4.1. Introduction 
For assembly and testing of the Li-O2 batteries, a commercially available test cell was 
purchased. This was a split test cell EQ-STC-LI-AIR available from MTI Corp. The test cell is 
pictured in Figure 3-3. This section will define the general methodology of the Li-O2 battery 
assembly and subsequent testing methods. The batteries fabricated for this project follow 
configuration 2 as seen in Table 3-6.  
 
3.4.2. Cell assembly methodology 
The test cell consists of two current collectors separated by a PTFE ring. Within this ring is the 
main chamber of the cell where the battery is assembled. The current collector on the top 
includes an inlet and an outlet with taps present on the outside. These allow for oxygen 
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impregnation into the main chamber of the cell, which dissolves into the electrolyte solvent 
prior to discharge. To ensure little to no moisture is present in the cell, the cell is assembled 
in an argon environment maintained by an mBraun glove box. Moisture and oxygen levels are 
maintained at less than 0.1 ppm. The electrodes were dried in the glove box antechamber 
under vacuum for two hours. The test cell is cleaned using an isopropanol solution and is dried 
in the glove box antechamber under vacuum for two hours. A diagram demonstrating the 
general structure of the battery can be seen in Figure 3-4. 
 
 
Figure 3-3 – An image of the split test cell used in this project, showing the two current collectors and two oxygen 
inlet/outlet taps.  
 
The lithium electrode is prepared under argon as detailed in section 3.3.1. This electrode is 
placed on the base of the separator. Following this, the separator layers (Celgard and 
Whatman GF/D) are each soaked in 300 μl of electrolyte. The electrolyte selected was a 
lithium hexafluorophosphate solution; 1M LiPF6 in EC/EMC (Sigma Aldrich CAS 746738 – 
battery grade). The separators were then placed on top of the lithium, where the Celgard is 
adjacent to the lithium. The purpose of the Celgard was to prevent shorting of the cell caused 
by lithium dendrites forming on discharge, which is a known issue (as detailed in Chapter 2 of 
this thesis). The Kynol ACF 507-15 electrode is prepared as detailed in section 3.3.2.3. This 
was placed on the top layer of separator, and an additional 50 μl of electrolyte was added to 
the electrode. This helps to aid electrolyte impregnation into the pores of the electrode. Finally, 
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a layer of uncoated stainless steel mesh (Goodfellows, 0.308 mm nominal aperture) was 
placed on top of this to help aid contact with the cell current collector.  
Following assembly, the cell was closed by adding the top part of the test cell and sealed with 
tightened stainless steel bolts. The cell utilises PTFE threads to prevent this from shorting the 
cell. At this point, it was also ensured that the oxygen inlet/outlet taps are left in the closed 
position. This helps to prevent electrolyte evaporation. The cell was then rested overnight in 
the argon glove box. This allowed equilibration of the cell and for the electrolyte to fully 
impregnate the pores in the carbon electrode.  
 
 
Figure 3-4 – A diagram representing the structure of the assembled Li-O2 battery.  
 
Prior to any tests being carried out on the battery, the cell required oxygen impregnation. 
Dissolved oxygen is required for the forward discharge reaction, as detailed in Chapter 2 of 
this thesis. Oxygen is impregnated following cell assembly to prevent oxygen contamination 
of the argon glove box. Prior to impregnation, the oxygen line was cleaned by switching it on 
at low pressure for approximately 30 minutes, flowing directly into the exhaust. This helped to 
remove any moisture or contaminants settled in the line. Following this, the cell was removed 
from the glove box and attached to the oxygen line following the schematic detailed in Figure 
3-5. 
As demonstrated in the schematic, the taps on the top of the cell allowed for impregnation of 
oxygen. One acts as the inlet and was attached directly to the oxygen line following the 
flooding of the line. The other tap acted as the outlet. A pipe was connected to this tap, which 
then ran into a resin catch pot. This is a sealed container partly filled with oil, within which the 
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end of the pipe is submerged. This pot is sealed, and a further pipe used as a second outlet 
to the exhaust. This pot helps to prevent moisture and other contaminants from being taken 
up into the cell via the outlet pipe. Once this was connected, the oxygen was switched on. 
Firstly, the input tap was opened, followed by the outlet tap. The pressure was set to 
approximately 0.1 bar at the tap as it was demonstrated that high pressure dried out the 
electrolyte over time. The flow of the oxygen was confirmed by the presence of bubbling in the 
oil in the catch pot. The oxygen was allowed to flow for 30 minutes to ensure full impregnation. 
An image of the oxygen impregnation can be seen in Figure 3-6.  
 
 
Figure 3-5 – A diagram showing the schematic of the experimental set up.  
 
Following the 30-minute impregnation, the oxygen was cut off by first closing the outlet tap 
followed by the inlet tap. This again helps to ensure that contaminants are unable to reach the 
cell through the outlet pipe. The cell is then disconnected from the oxygen for testing. Details 
of the electrochemical tests executed are detailed in section 3.6. First of all, an 
Electrochemical Impedance Spectroscopy test was carried out using a Solartron Instruments 
SI 1260 Impedance/Gain-Phase Analyser. The lithium electrode was the counter electrode, 
and the Kynol ACF electrode was the working electrode. The potentiostatic EIS was carried 
out between the frequencies 1 MHz and 0.01 Hz at a potential of 5 mV. Following this, a 
Solartron Analytical 1400 Cell Test System was used to execute an open circuit voltage (OCV) 
test and a galvanostatic charge discharge (GCD) test on the cell. The constant current used 
was 0.06 mA, and it was cycled between 2 V and 4.2 V. Three cycles were carried out following 
this procedure. 
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Following completion of the testing, the cell was disconnected and returned to the argon glove 
box. This allowed for disassembling and cleaning of the cell in a controlled environment. The 
electrodes were kept and stored in the glove box in order to execute post-mortem analysis on 
them using the techniques detailed in section 3.5 of this chapter.  
 
 
Figure 3-6 – An image of the experimental set up during the oxygen impregnation.  
3.5. Electrochemical cell characterisation techniques 
3.5.1. Introduction 
As detailed previously, Li-O2 batteries were manufactured as part of this project in order to 
validate the models presented in subsequent chapters of this thesis. The methodology of the 
assembly and testing of the batteries was detailed in the previous section. In this section the 
theory behind the electrochemical cell characterisation tests carried out on the batteries will 
be detailed.  
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3.5.2. EIS 
Electrochemical Impedance Spectroscopy is a characterisation technique used to measure 
the impedance response of a device. Based on the simple concept of Ohm’s law, the 
resistance of a component is determined by the ratio of the potential difference across the 
component with the current flowing through the component. This, however, is based on the 
assumption that the current is direct current (DC). In the real world, component response does 
not necessarily follow this linear relationship, and currents may also be alternating (AC). 
Impedance is defined as the resistance of a component to an AC, and EIS is used to determine 
the overall impedance response of the complex device.  
Applying a sinusoidal AC potential at a frequency (ω) to a cell triggers a sinusoidal current 
response which has an identical frequency at a phase shift (𝜓). Impedance is calculated 
following Ohm’s law once again, where the impedance signal is a ratio of the input potential 
signal with the phase shifted current signal. Applying Euler’s relationship, the impedance can 
be expressed in terms of a complex number. In this, the real part is the magnitude of the direct 
resistance of the cell, and the imaginary part is the magnitude of the impedance (Gamry 
Instruments 2019). 
 
 
Figure 3-7 – The typical shape of a Nyquist plot of an electrochemical device represented by the equivalent circuit 
seen in Figure 3-8. 
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Plotting the imaginary part of the response against the real part gives the Nyquist plot. An 
example of this result is seen in Figure 3-7. In this image, 𝑍𝑖𝑚 is the imaginary component, 𝑍𝑅𝑒 
is the real component, 𝑅Ω is the direct resistance of the cell, and 𝑅𝑐𝑡 is the charge transfer 
resistance which is related to the redox reaction.  
The semi-circle which results from this plot can be explained by an equivalent circuit model, 
as demonstrated by Figure 3-8. The direct resistance of the cell (𝑅Ω) is the point at which the 
curve crosses the real axis and is the magnitude of the direct resistance. The contact 
resistance (𝑅𝑐𝑡) is a representative of the energy loss from self-discharge of the capacitor, 
which is the capacitance of the capacitive double layer. In a battery, this is the charge transfer 
resistance (the resistance generated by transferring charge from one form to another via a 
reaction mechanism). This circuit can represent either a battery or a supercapacitor depending 
on the magnitude of the capacitance value (Band and Faulkner 2001).  
At high frequencies (high values of 𝜔), the diffusion of the species in the cell is too slow to 
affect the current response. This is often represented by the Warburg impedance, which is in 
series with the contact resistance. At high frequencies, this value tends to zero. As such the 
plot of the two follows a perfect circular response with a radius of the contact resistance. Where 
the frequency is low, its effect on the response cancels out. This results in a linear response, 
as represented by the straight line in Figure 3-7. At this point, the Warburg impedance 
increases as the diffusion of the ionic species has a more significant effect on the current 
response. This results in the final result typically following the shape of the curve seen (Band 
and Faulkner 2001). 
 
 
Figure 3-8– The representative equivalent circuit of the device analysed in Figure 3-13. 
 
The results of an EIS can be used to analyse many different features of an electrochemical 
cell. Typically, models can be fitted to the experimental results to determine values for the 
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variables in the equivalent circuit which allows for further simulation. High diameter semi-
circles indicate a high contact resistance, and vice versa. The shape of the tail section (i.e. a 
linear response) also gives information on approximate shapes of pores in the electrode 
materials, where a direct linear response with a small semi-circle is seen when the pores are 
large and readily accessible (Fields 2017). This supports the idea that EIS is a useful tool in 
analysis of an electrochemical cell.  
 
3.5.3. OCV 
Open-circuit voltage (OCV) is one of the simplest electrochemical tests that can be executed 
to analyse an electrochemical cell. The test is in essence the measure of the potential between 
the electrodes of the cell when no current is flowing through it. This can be relative to a 
reference electrode, or the direct potential difference between the anode and the cathode. 
This test is useful for a number of reasons. 
OCV is used to analyse the thermodynamic stability of the materials towards electrochemical 
oxidation. Measurement of OCV over time gives the user information on the thermodynamic 
stability of the battery configuration, particularly when the working and counter electrodes are 
analysed against a reference electrode (Jiménez et al. 2009). When testing an electrochemical 
cell, it is possible to assemble many different battery configurations in the already chemically 
charged state. However, this does not happen with all devices and configurations. When fully 
charged, the OCV is equivalent to the electro-motive force (EMF). The EMF is defined as the 
energy supplied per unit charge.  
OCV is usually tested prior to other electrochemical tests to ensure the cell is stable and 
charged prior to testing. This ensures that the cell was assembled correctly and is stable prior 
to testing. The OCV value is intrinsically linked to the SoC and reduces in line with the potential 
during cell discharge. This will be explored further in the next section. 
 
3.5.4. GCD 
Galvanostatic charge/discharge (GCD) is similar to an OCV test but requires a current to be 
applied to the cell. In a battery, this current causes the redox reactions to occur, and depending 
on the current direction causes the cell to either charge or discharge. In a supercapacitor, 
polarisation attracts the opposing charged ions to the electrode surface. This charges the 
supercapacitor. Typically, maximum and minimum cell potentials are set prior to the test, and 
the current is reversed in direction each time one of these cut off potentials is reached. This 
induces charge/discharge cycling of the cell. 
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Figure 3-9 – An image of the Solartron Analytical 1400 Cell Test System used in this project.  
 
The term, “galvanostatic,” simply means that the applied current density is constant. The value 
of this selected is dependent on the cell chemistry and desired speed of the test. Typically, 
the C rating is utilised to determine this. If the capacity of a standard battery is given as 1C, it 
means that the battery can discharge to a capacity of 1 Ah at 1 A for 1 hour. Discharging at 
0.1 C means a discharge current of 0.1 A will discharge the same battery in 10 hours. 
Increasing the current reduces the discharge time, however cycling a battery above 1 C can 
lead to instability on cycling. Using a lower C rate promotes stability of the battery at the cost 
of a longer computing time (Battery University 2009).  
 
3.6. Electrode material characterisation techniques 
3.6.1. Introduction 
In this project, several different electrode materials are characterised in order to understand 
their pore structures and incorporate them into the different models presented. Nitrogen 
adsorption/desorption was used to gain the adsorption/desorption isotherm, which was then 
used to calculate the pore size distribution (PSD) using a grand-canonical monte carlo 
(GCMC) method. The pore structure was determined through imagery techniques such as 
scanning electron microscopy (SEM) and atomic force microscopy (AFM). As detailed 
previously, further characterisation methods were used to execute post-mortem analysis of 
the working electrode in the experimental Li-O2 battery. These were x-ray photoelectron 
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spectroscopy (XPS) and energy-dispersive x-ray spectroscopy (EDX). This section will 
summarise these techniques and the methodology used to characterise the materials. 
 
3.6.2. PSD determination 
The measurement of the porosity and pore surface area of a material is of paramount 
importance in determining how the use of the material will impact the activity of an 
electrochemical device (as discussed in Chapter 2 of this thesis). One of the standard ways 
of doing this is through gas adsorption, typically N2 or CO2. The principle of this procedure is 
that the tested material, typically in powder form, is dried and then subjected to a vacuum in a 
chamber. A gas is then injected into the sample chamber until atmospheric pressure is 
reached. This gas adsorbs to the surface of the sample and fills the porous volume of the 
material. The adsorbed gas typically forms a monolayer on the sample surface, which is 
described in appendix A.2. The gas is then removed from the sample through the process of 
desorption. The data is plotted as per the volume of gas adsorbed/desorbed against the partial 
pressure of the adsorbate. This is known as an adsorption/desorption isotherm (MicrotracBEL 
n.d., Aranovich and Donohue 1998). Many different parameters can be calculated from this 
information, such as: the specific pore volume of the sample, the pore size distribution of the 
sample, and the surface area of the sample. The calculation methods and adsorption models 
are described in appendix A-2.  
Isotherms are used to determine a general assumption on the overall pore structure. The 
hysteresis between the adsorption/desorption curves can say a lot about the accessibility of 
the pores due to the way in which the gas monolayer adsorbs and desorbs. For example, a 
type I isotherm is indicative of a pore structure in which there are many micropores present 
which are easily accessible, whereas type III is typically representative of a non-porous sample 
(MicrotracBEL Corp. 2015). Hysteresis between the adsorption and desorption is typically 
caused by the accessibility of the pores changing due to deposition of the adsorbate, a 
phenomenon which is explored in appendix A.2.  
There are several different models that theorise as to how adsorption and desorption occurs, 
but the most accepted and widely used model is the Butler-Emmett-Teller (BET) equation. 
This method will be detailed in appendix A.2.2., but a brief overview will be given here. The 
premise behind this is that the adsorption gas molecules, typically N2, adsorb on the surface 
of the material being analysed in order of energy states. The adsorbate first forms a monolayer 
on the surface of the sample as this is the lowest energy state of the adsorbate. Additional 
adsorbate then builds up on top of this layer to form a multilayer, which continues at increasing 
energy states until the adsorbate reaches the maximum pressure. The adsorption isotherm is 
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then used to find the specific surface area of the sample using the BET equation, which can 
be seen in equation  3-4, where 𝑃𝑎𝑑𝑠 is the pressure of the adsorbate (Pa), 𝑃𝑠𝑎𝑡 is the saturated 
pressure of the adsorbate (Pa), 𝑋𝑎𝑑𝑠  is the volume of adsorbed gas (m
3), 𝑋𝑠𝑎𝑡 is the saturated 
adsorption capacity (m3), and 𝑐𝐵𝐸𝑇 is the BET constant (Liu and Chen 2014). 
𝑃𝑎𝑑𝑠
𝑋𝑎𝑑𝑠(𝑃𝑠𝑎𝑡 − 𝑃𝑎𝑑𝑠)
=
1
𝑐𝐵𝐸𝑇𝑋𝑠𝑎𝑡
+
𝑐𝐵𝐸𝑇 − 1
𝑐𝐵𝐸𝑇𝑋𝑠𝑎𝑡
∙
𝑃𝑎𝑑𝑠
𝑃𝑠𝑎𝑡
 (3-4) 
Following the monolayer model, the specific surface area of the sample can be estimated. 
This is calculated using Equation 3-5, where 𝑆𝑎 is the surface area of the sample (m
2), 𝑀𝑎𝑑𝑠 
is the molecular mass of the adsorbate gas (g/mol), and 𝑁𝐴 is Avogadro’s constant (1/mol) 
(Liu and Chen 2014). 
𝑆 = (
𝑋𝑚
𝑀𝑎𝑑𝑠
)𝑁𝐴 (3-5) 
This surface area is expressed in a specific form by dividing the calculated surface area by 
the mass of the sample. Expressing parameters in a standard form in this way is an industry 
standard and is required for comparison of the parameters between different materials.  
 
 
Figure 3-10 - This image demonstrates the basic geometry of two of the most comment pore geometry models. 
The slit pore is typically modelled as two infinitely large sheets at a certain distance apart. Cylindrical pores and 
cone pores are also demonstrated here, which are pores that can be described by these shapes. 
 
Pores in a powder fall into two distinct categories: intraparticle and interparticle pores. 
Intraparticle pores are structurally intrinsic to the material as they form on the surface of the 
particles themselves, whilst interparticle pores are represented by the spacing between the 
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particles themselves. The pores are classified by their geometry, which are defined by industry 
standards. These are namely the slit and cylindrical models. Representatives of these are 
shown in Figure 3-10. Other pore models exist in the literature, including the spherical and 
elliptical models (Zdravkov et al. 2007). Pores are classified to fit one of these models through 
visual observation, typically using microscopy techniques.  
The slit pore model is one of the most common models used for carbon pores in the micro-
nano scale. It is defined by two semi-infinite plates of graphite set to be a fixed distance 𝑑 
apart from one another. This separation of the plates is the pore width. The diffusion media, 
such as the ions in an electrolyte, exist between the two plates. This is a very simple model 
which is effective in describing pores which follow this structure in a real nanocarbon (Cai 
2007).  
In a true nanocarbon structure, pores are interconnected with one another in an overall 
structure. This is known as the pore network. An image of this is shown in Figure 3-11. As the 
slit pore model is a simplified version of a nanocarbon structure, it can be improved by the 
pore network model (PNM). In this, the series of interconnected pores are individually 
modelled as slit pores. The connectivity of the pores is defined by the coordination number, 
which is the average number of pores each individual pore is connected to in the PNM (Cai 
2007). 
 
 
Figure 3-11 - This image demonstrates the PNM defined by a series of interconnected slit pores. This is a closer 
representative of the true pore structure in a nanocarbon when modelling a carbon structure.  
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An important parameter to determine for nanocarbons is the pore size distribution (PSD) of a 
material. In its simplest form, this is the specific pore volume plotted against the nominal pore 
width of a material. Several methods have been developed over time to calculate a PSD using 
pore models and an experimentally determined adsorption isotherm. Two of the most common 
methods are non-localised density functional theory (NLDFT), and grand canonical monte 
carlo (GCMC) simulation.  
GCMC and NLDFT are theories developed to describe adsorption phenomena on surfaces. 
These model surface adsorption of the adsorbate as a solid phase phenomenon. Based on 
the pore model used (slit or cylindrical) a theoretical adsorption isotherm is generated. The 
PSD is determined by fitting an integral isotherm to the experimentally determined isotherm 
generated from the nitrogen adsorption and desorption. Thus, the interactions between a fluid 
and the solid surface is analysed (MicrotracBEL Corp. 2015). Full description of the method 
can be found in appendix A.2.  
NLDFT is a method in which the localised density of the adsorbate is calculated in a series of 
adsorbate layers from the surface to the bulk, which allows the determination of the density 
profile at the series of adsorbate pressures. This models the adsorbate molecule as a hard 
sphere and calculates the density profiles within the adsorbate layers as they build up. Based 
on the pore model selected for the sample, the fluid interaction potential and the solid-fluid 
interaction potentials are found. These are used with a series of known parameters regarding 
the fluid/surface properties to find a calculated adsorption isotherm (MicrotracBEL Corp. 
2015). 
GCMC differs in that the adsorbate molecule is not modelled as hard sphere, but rather as a 
shape reflecting the adsorbate molecule itself with individual electric charges of the atoms in 
proximity with one another. This method entails placing the theoretical molecule within the 
virtual pore space and increasing the number of molecules until the system energy reaches 
equilibrium. This gives a value for the amount of adsorbed material at the given pressure, 
which is repeated for the next pressure value until the full isotherm is calculated. This is 
essentially a virtualised adsorption/desorption experiment (MicrotracBEL Corp. 2015).  
The PSD is determined by fitting an integral adsorption isotherm generated across the pore 
sizes used in the calculated isotherm to the experimentally determined isotherm. This is highly 
dependent on the pore structure used, as the modelled adsorption differs between the slit and 
cylindrical pore structures. This is also dependent on the parameters used to describe the 
interaction between the adsorbate and the adsorbent surface, which changes depending on 
what these are. Most values assume a pure carbon surface, which may not be the case. This 
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is addressed in later chapters of this thesis (MicrotracBEL Corp. 2015). The full details of the 
NLDFT/GCMC methods will be detailed in appendix A.2.  
The NLDFT/GCMC methods work best when the pore structure (slit or cylindrical) of the 
material being sampled is known. This cements the need to determine the pore structure 
before this calculation using qualitative methods such as SEM and AFM. These images can 
also be used to assess the accuracy of the PSD, as if the calculated pore sizes are not 
observed then the method used may not be appropriate (MicrotracBEL Corp. 2015).  
 
3.6.3. SEM 
SEM is a microscopy technique which utilises a focussed electron beam to gain high resolution 
images of a sample. Visible light microscopes have a limit of resolution of around 250 nm, 
which is inadequate for observing pores in a sample. SEM has a much higher resolution (<5 
nm), making it a much more effective tool for observing macro and meso pores on a carbon 
surface (nanoScience Instruments 2018). 2-D images are derived by collisions of the electron 
beam with the sample surface causing different types of electron scattering, two of which are 
back scattered electrons (BSE) and secondary electrons (SE). BSE electrons are caused by 
elastic collisions of electrons from the primary beam with atoms in the sample, causing them 
to deflect at different angles. The deflection is proportional to the size of the atom, so BSE can 
provide information on the sample composition. SE come from collisions on the surface of the 
sample, which are inelastic. These give low-energy electrons which give an image of the 
topography of the sample (Phenom-World BV 2017). SE imaging is the method used in this 
thesis. 
An SEM consists of a column which contains a series of lenses and apertures. The sample is 
mounted at the base of the column in a chamber kept under vacuum. An electron gun at the 
top of the column fires a high energy beam of electrons which is focussed by the column on 
to the area of the sample. An SE detector is positioned by the surface to detect the electrons 
generated from the collisions from the primary electron beam. This converts the signal to 
visible light and develops a 2D image of the sample (nanoScience Instruments 2018). The 
general structure of this can be seen in Figure 3-12.  
SEM is an imaging instrument which gives among the highest resolutions available by current 
technology. However, there are some limitations. Sample preparation may be difficult, and 
often requires more preparation than AFM or other imagery techniques. If the sample is non-
conductive, a coating must be applied for SEM to work. This is typically a nano-scale gold 
powder (Swap 2017). Other microscopy techniques include transmission electron microscopy 
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(TEM) and scanning transmission electron microscopy (STEM), neither of which were utilised 
in this work.   
 
 
Figure 3-12 – The structure and operation procedure of an SEM. 
 
3.6.4. AFM 
AFM is a type of force microscopy based on measuring the deflection of a probing tip as it is 
drawn across a sample surface. The tip is attached to a cantilever, of which the deflection in 
the axis of the laser direction (based on the image in Figure 3-13) is measured using a laser. 
The deflection in a series of lines across the sample surfaces builds a three-dimensional 
topography of the sample. The highest resolution AFMs are in the order of Angstroms, and 
they have been previously used to generate images on the molecular scale (Eaton and West 
2010). The resolution of the image is dependent on the scan rate and number of lines used 
on the sample. The Bruker Dimension Edge (used in this thesis) has a maximum resolution of 
less than 1 nm. This setup can be seen in Figure 3-13. 
AFM has a number of advantages over SEM. By its nature, it has higher overall resolution, 
requires little sample preparation, and can be carried out on both conductive and insulating 
samples. The principle advantage of this technique however is the ability to gain a full depth 
profile of the sample, which is used to give the 3D topography of the sample. Depth is not 
observable in SEM or other optical techniques and can only be measured by taking images of 
Chapter 3: Experimental Methods 
Joshua Bates   113 
 
a sample from multiple angles (Eaton and West 2010). This is a useful feature in establishing 
and characterising the pore structure of a sample surface.  
There are several principle modes of AFM, two of which are the contact mode and the tapping 
mode. In the contact mode, the tip is dragged across the surface directly and the deflection 
measured with the laser. In this mode, delicate samples can be damaged by the tip (Payton 
et al. 2011). This applies to weak materials, such as biological materials, as the contact force 
between the tip and the surfaces is in the order of 10-11- to 10-6 N (Meyer 1992). This issue can 
be addressed through the use of tapping mode.  
In tapping mode, the tip is set to oscillate at a set frequency whilst it is dragged across the 
sample. As well as damaging the sample, contact mode also causes the tip to be subject to 
lateral forces by the surface. Oscillating the tip prevents this from happening. Adhesive force 
is typically measured in contact mode by measuring the deflection of cantilever as it is dragged 
across the surface. Tapping mode does not measure this directly, but rather measures an 
average force as the tip approaches the surface (AZoNetwork 2012). Both of these methods 
will be utilised in this thesis and will be defined where applicable.  
 
 
Figure 3-13 – This image shows the Bruker Dimension Edge used in this thesis, along with a labelled image 
demonstrating the components of the instrument.  
 
3.6.5. XPS 
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique based on the 
principles of electron spectroscopy. The surface of a sample is irradiated with an incident x-
ray beam of a set energy, which transfers energy to electrons in the inner energy bands of the 
atoms on the sample surface. This energy can cause them to be emitted from the sample as 
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a photoelectron. The energy distribution and counts of these photoelectrons gives the user 
information on the elemental composition of the surface of a sample.  
An x-ray spectrometer typically consists of an x-ray source, a sample holder, a method of 
focusing the photoelectrons, and a detector. This is a closed system typically held under an 
ultra-high vacuum (UHV). This ensures that the x-rays and emitted photoelectrons are not 
scattered by collisions with gas molecules. As well as this, if a sample were to be subject to 
air then there is a possibility of a gas monolayer adsorbing on the surface. A UHV helps to 
prevent this (Watts and Wolstenholme 2008). The principles behind this process are detailed 
in Figure 3-14. 
 
 
Figure 3-14 – The electron bands of a sample demonstrating the principles behind XPS.  
 
As depicted in Figure 3-4, photoelectron emission is not automatic. The energy of incident x-
rays is defined by 𝐸 = ℎ𝑣, where ℎ is Planck’s constant (6.62 x 10-34 m2 kg/s) and v is the 
velocity of the incident beam (in this case, the speed of light). In order for the photoelectron to 
be emitted, the amount of energy transferred must be greater than the work function (𝜙). This 
is the energy that the electron requires to break through the top valence bands of the sample. 
The remaining energy transferred to the photoelectron remains as kinetic energy (𝐸𝑘). 
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Photoelectrons typically have energy in the region of 20-20000 eV. The peaks that are 
generated by these are affected by the chemical makeup of the sample, and thus give 
information of the bonding of the elements present in the sample surface (Watts and 
Wolstenholme 2008).  
Whilst XPS is a very useful technique for determining the composition of a sample, it does 
have limitations. Typically, it cannot give information on elements below the surface of a 
sample (>10 nm). There are also certain energy signatures from some elements which can 
overlap with other elements, which can cause confusion. In these cases, peak fitting may be 
required.  
 
3.6.6. EDX 
Energy-dispersive x-ray spectroscopy (EDX) is, in a very broad sense, a characterisation 
technique which is the reverse of the fundamental characteristics of XPS. A sample is subject 
to an incident beam of high energy electrons, many of which cause lower energy state 
electrons on the sample surface to become displaced and are emitted. This leaves an electron, 
‘hole,’ in the shell, which is subsequently replaced by a higher energy electron in the sample. 
The loss of this energy is subsequently emitted as an x-ray of a certain energy. The x-ray 
count and energy state give the user information on the elemental composition of the sample. 
For this reason, EDX is typically carried out as a part of an SEM analysis of a sample, as the 
incident beam of electrons can cause emission of x-rays in this way (Scimeca et al. 2018). 
The general principle behind EDX is detailed in Figure 3-15. 
An EDX spectrometer is therefore typically similar to that of an SEM, where there is a source 
of electrons (an electron beam) which is focussed on to an area of a sample. Instead of 
detecting BSE or SE, an x-ray detector is utilised. In fact, SEM and EDX are often carried out 
in tandem, with many SE Microscopes being fitted with x-ray detectors. The energy of the x-
rays emitted are characteristic of the sample and can therefore be used to carry out elemental 
analysis. The spectra generated indicates both the number of counts of a certain element and 
what the element is, however it cannot give information on the bonding or chemical state of 
the elements (Scimeca et al. 2018). 
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Figure 3-15 – The electron bands of a sample demonstrating the principles behind XPS. 
 
3.7. Summary 
In this chapter, the experimental methods followed for the testing in this thesis was described. 
This followed the assembly and testing of Li-air batteries, as well as the composition and 
mixing techniques for the manufacture of TiC nanopowder based electrodes. Following this, 
the various material characterisation techniques utilised for the analysis of the materials were 
detailed. All of these techniques are used to gain a picture of the material and its pore 
structure, which will be used in the building of the pore models presented in this thesis. This 
will be detailed in the following chapter. 
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4. Continuum Model of Mass and Charge Transport in 
Supercapacitors and Batteries 
4.1. Introduction 
As discussed in Chapter 1 of this thesis, the objective of this project was to develop a one-
dimensional multi-pore multi-scale transient continuum model of the electrochemical process 
in an EDLC, a Li-O2 battery, and a Li-S battery. This model would then be implemented into a 
computer program and conduct simulations to validate it for these devices. The 
charge/discharge behaviour of each of these devices was estimated with a series of time-
dependent parameters calculated using a series of equations discretised in one spatial 
dimension and in time using a time- implicit finite differencing method. This chapter will detail 
the model structures for each device, and the equations used to solve for the ion concentration 
and mass transport, the local current density, and the voltage in each of these models. The 
flow charts detailing the algorithms developed for each model will also be presented.  
 
4.2. Supercapacitor 
4.2.1. Introduction 
This section will give an overview of the model proposed to simulate the electrochemical 
processes in a supercapacitor. Here, the structure of the cell being simulated will be described, 
and each variable required to solve the model will be defined by a series of equations. The 
algorithm built from these equations will also be represented by a flow chart.  
 
4.2.2. Supercapacitor model structure 
The model concerns a one-dimensional transient simulation in the macro-micro scale. This 
one-dimensional continuum model will consider the mass transport of ions in the two 
electrodes of the supercapacitor (represented in the model structure in Figure 4-1), where the 
time-dependent equations are discretised in one spatial dimension. This axis (henceforth 
referred to as the x-direction) spans through the thickness of the cell.  
The model will solve for four regions and five boundary conditions through both electrodes in 
one dimension, assuming mass transport in the x-axis direction through the cell. The outer 
two regions are the two electrodes, modelled as electrodes with fully flooded macro pore 
reservoirs following the macro-homogenous theory of porous electrodes (Lin et al. 1999). As 
a result, the continuum media within which the mass transport is considered is the 
supercapacitor electrolyte. The pore structure of the electrode is dependent on the model 
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used, which will be detailed in this chapter. The zero position in this model is the centre of the 
separator layer, and the macropore is considered by a series of nodes throughout the length 
of the cell. A node is defined as the zero-dimensional spatial point at which the equations are 
solved. The last node solved for on both sides is the current collector for each electrode.  
 
 
Figure 4-1 – Schematic for the supercapacitor model presented in this thesis. The boundaries are represented by 
𝐿𝑠 (the boundary between the separator and the electrode), and 𝐿𝑚𝑎𝑥 (the boundary at the current collector).  
 
In the supercapacitor model the mass transport of two species (anions and cations) is 
considered in separate regions: the mass transport of anions in the anode, and the mass 
transport of cations in the cathode. In this vein, all of the parameters solved for in the model 
consist of two individual sets of data: one for the anodic region and one for the cathodic region. 
In one dimension the zero position of both is considered to be the centre of the separator, so 
variables solved from this point in both regions are solved in the same way.  
 
4.2.3. Governing Equations 
4.2.3.1. Ion Mass Transport 
The first process to be considered in this model is the mass transport of the anions and the 
cations in the supercapacitor electrolyte. In the supercapacitor model, it is assumed that the 
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time rate of change of the concentration of the species being considered is not affected by 
faradic reactions and the formation of discharge product, but rather by current flux and simple 
diffusion. In the supercapacitor models presented in this thesis, a binary electrolyte is 
considered. This is by definition an electrolyte in which the mass transport of two different 
species, the anion and the cation, is simulated (Newman 1991). The ion transport equation 
(Equation 4-1) is based on the Nernst-Planck model for ion flux without any faradaic terms. 
The current flux term in this equation, i.e. the second term on the RHS of Equation 4-1, is 
equivalent to the convection term of the Navier-Stokes mass transport equations.  
The novelty of the model developed for this project is the expansion of this equation to consider 
mass transport and flux of the species within pores of different sizes. This is instead of an 
overall macropore, which is utilised by most models in the literature. As such, the subscript 𝑖𝑝 
seen in Equation 4-1 denotes the discrete pore size taken from a pore size distribution of the 
electrode material being considered. In Equation 4-1, the variables are defined as follows: 
𝑐𝑖,𝑖𝑝 is the concentration of species i in pore ip (mol/m
3), 𝜀𝑖𝑝 is the porosity of pore ip, 𝐷𝑖,𝑖𝑝 is 
the diffusion coefficient of species i in pore ip (m2/s), 𝑡𝑟𝑖,𝑖𝑝 is the transference number of 
species i in pore ip, 𝑧𝑖 is the charge number of species i, 𝑣𝑖 is the solubility coefficient of 
species i(in the respective electrolyte solvent), 𝐹 is the faraday constat (C/mol), and 𝑖2 is the 
current density in the electrolyte (A/m2).  
𝜀𝑖𝑝
𝜕𝑐𝑖,𝑖𝑝
𝜕𝑡
= 𝐷𝑖,𝑖𝑝
𝜕2𝑐𝑖,𝑖𝑝
𝜕𝑥2
−
𝑧𝑖𝑡𝑖,𝑖𝑝
0
𝑣𝑖𝐹
(
𝜕𝑖2
𝜕𝑥
) (4-1) 
The flux between pores of different sizes needs to be calculated in order to fully understand 
the effect of the pore size distribution on the mass transport of the species in the bulk 
electrolyte. In this thesis, this is calculated by adding a flux term to Equation 4-1 to consider 
the effect of ion flux through the pore hierarchy. The PSD is incorporated into this model by 
considering a series of connected pores of steadily decreasing size. Each pore size and 
volume from the PSD are taken, and the series of pores are considered to be connected in 
descending size order. A schematic of this is presented in Figure 4-2. This Figure also 
demonstrates the cross-sectional area of the pores, calculated from the pore size. Where the 
pore is modelled to be cylindrical, the area of a circular cross section is calculated from the 
pore radius. In a slit pore, the assumption is made that the pore width is the same as the pore 
breadth. This gives an overall square cross section.  
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Figure 4-2 - A schematic overview of the pore line model structure utilised in this thesis in the models presented. 
 
In Figure 4-2, 𝑉𝑝,𝑖𝑝   is the pore volume of pore ip, and 𝐴𝑝,𝑖𝑝  is the cross-sectional area of pore 
ip of width 𝑑𝑝,𝑖𝑝. The red arrows in the image indicate the direction of the longitudinal axis of 
the pore hierarchy. The cross-sectional areas of the pores are demonstrated on the right-hand 
side of the image, in which the assumption is made that the width and breadth of the slit pores 
are identical. 
 
 
Figure 4-3 - This image represents the hierarchal pore structure of the pore line model at different degrees of 
charge. The EDL forms on all of the pore surface area.  
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In order to incorporate this into a model, the flux of each pore of each different size will be 
solved for and volume averaged at each position in the x-axis, whilst a macropore reservoir 
represents the surface of a material which feeds ion species into the smaller pore sizes. A 
demonstration of the pore line model for a supercapacitor is seen in Figure 4-3. The model 
simulates mass transport from the macropores to the mesopores to the micropores, driven by 
electrostatic forces. As discussed in Chapter 2 of this thesis, micropores have been 
demonstrated to contribute to the capacitance through the incorporation of unsolvated ions. 
This will be taken into account in the simulations presented in this thesis. If the unsolvated 
ions are too large to enter a pore, the pore is not included in the formation of the EDL and the 
ionic concentration in these pores is zero. The values of the ionic radii and solvation shells 
were taken from a previous work (Markoulidis 2014). The surface area of the remaining pores 
is what contributes to the formation of the EDL. 
The schematic of the model considers a macropore reservoir, where a hierarchical pore line 
occurs at each of the elements solved for in the x axis of this model. With this schematic in 
mind, the final equation used to solve for the mass transport of species i is presented in 
Equation 4-2. This equation includes terms for the flux of the neighbouring pores following the 
direction of ion flux demonstrated in Figure 4-2. The signs considered here are due to the 
larger pore feeding the pore being solved for, and the pore in question feeding the next smaller 
pore. In the macro scale, the pore is only used to feed the next pore, and in the micro scale 
the smallest pore size is only fed by the next larger size.  
𝜀𝑖𝑝
𝜕𝑐𝑖,𝑖𝑝
𝜕𝑡
= 𝐷𝑖,𝑖𝑝
𝜕2𝑐𝑖,𝑖𝑝
𝜕𝑥2
−
𝑧𝑖𝑡𝑖,𝑖𝑝
0
𝑣𝑖𝐹
(
𝜕𝑖2
𝜕𝑥
) −
𝑧𝑖𝑖2𝑡𝑖,𝑖𝑝
0
𝑣𝑖𝐹
(
𝐴𝑝(𝑖𝑝 + 1)
𝑉𝑝(𝑖𝑝)
) (
𝑉𝑝(𝑖𝑝)
𝑉𝑝,𝑡𝑜𝑡𝑎𝑙
)
+
𝑧𝑖𝑖2𝑡𝑖,𝑖𝑝
0
𝑣𝑖𝐹
(
𝐴𝑝(𝑖𝑝)
𝑉𝑝(𝑖𝑝 − 1)
)(
𝑉𝑝(𝑖𝑝)
𝑉𝑝,𝑡𝑜𝑡𝑎𝑙
) 
(4-2) 
This equation was incorporated into the model by assuming that all of the pore sizes occur at 
each x axis position solved for in the x axis of the model, as demonstrated in Figure 4-1. The 
derivation of this equation will be discussed now in more detail. The first term we will consider 
is the flux to the next smallest pore from pore ip, presented as the third term on the RHS of 
Equation 4-2. The basic ion transport term is defined from the current flux term caused by the 
current density, which is then weighted by the volume fraction of pore ip relative to the total 
pore volume (𝑉𝑝(𝑖𝑝)/𝑉𝑝,𝑡𝑜𝑡𝑎𝑙). The flux term needs a length scale in its denominator (as per 𝜕𝑥 
in the main current flux term). This length term is given by the ratio of the pore area with the 
pore volume (𝐴𝑝(𝑖𝑝 + 1) 𝑉𝑝(𝑖𝑝)⁄ ). This means that the term describing the current flux to the 
next smaller pore size also is restricted by the cross-sectional area of the next size pore.  
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Equation 4-2 is the generalised equation for the mass transport considered in all models 
presented in this thesis. For the macropores, the pore is modelled as a cylindrical pore 
following the x axis of the model. Smaller pores in the meso to micro scale are modelled to be 
connected in series at each x position. These pores only consider the flux terms caused by 
current for the pores ip-1, ip, and ip+1. No direct diffusion is considered in the direction of the 
length of the hierarchical microporous path (i.e. via pores ip-1, ip, and ip+1). The diffusion term 
is only considered at the macro-continuum scale in the x-direction.  
 
4.2.3.2. Current density 
The current density in all the models in this thesis is solved in the two phases – the electrode 
and the electrolyte. In the supercapacitor model, the current density in the electrolyte is 
dependent on the change in the ion concentration in the EDL. The assumption is made here 
that the loss of concentration in the bulk electrolyte is caused by the ions forming the EDL, 
which remain there during the charge of the cell. As such, the change in bulk electrolyte 
concentration defined in Equation 4-1 is redefined here in Equation 4-3, where the change in 
concentration is summed over all pore sizes to represent the formation of the EDL. This sum 
is weighted by the surface area of each pore, as this area represents the possible area of the 
EDL in each pore. In Equation 4-3, 𝑎𝑑 is the weighted adjustment factor used to fit the 
simulation to the experimental data, and 𝑁𝑝 is the total number of pores.  
𝑗𝑖 = 𝑎𝑑 ∑ [
𝜀𝑖𝑝𝐹
𝑡𝑖,𝑖𝑝
0 (
𝜕𝑐𝑖𝑝,𝑖
𝜕𝑡
)(
𝐴𝑝(𝑖𝑝)
𝐴𝑝,𝑡𝑜𝑡𝑎𝑙
)]
𝑁𝑝
𝑖𝑝=1
 (4-3) 
In Equation 4-3, the term 𝑗𝑖 is the transfer current density. This term is defined at the beginning 
of the algorithm at the beginning of each timestep. Following this, the current density in the 
electrolyte is determined as per Equation 4-4.  
𝑗𝑖 =
𝜕𝑖2
𝜕𝑥
 (4-4) 
The concentration of species i in Equation 4-3 is the bulk concentration of the species, which 
does not necessarily equate to the concentration of the species at the pore surface which 
forms the EDL. This would be the more accurate value to use, however it is difficult to 
determine. This will be explored further in Chapter 5 of this thesis. The current density in the 
electrode is then used to calculate the current density in the electrode (𝑖1) following the 
conservation of charge equation. This is demonstrated in Equation 4-5. 
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𝜕𝑖1
𝜕𝑥
+
𝜕𝑖2
𝜕𝑥
= 0 (4-5) 
 
4.2.3.3. Potential  
The potential terms in the models presented in this thesis all follow the basic terms of Ohm’s 
law, as per the other models reviewed in the literature. This is also solved in both the electrode 
and the electrolyte phases. After solving for the current densities, the potential in the 
electrolyte is first solved. The current density in the electrolyte is dependent on the conductivity 
of the electrolyte. This equation is used in the supercapacitor model to recalculate the 
electrolyte conductivity at each x position at each timestep. This is then used to solve for the 
electrolyte potential using Equation 4-6 (Kashkooli et al. 2015). 
𝜅𝑖,𝑒𝑓𝑓
𝜕𝜙2
𝜕𝑥
= 𝑖2 (4-6) 
Following the calculation of the potential in the electrolyte, the potential in the electrode phase 
is calculated. This is again calculated following Ohm’s law, which in this case is dependent on 
the conductivity of the electrode phase. This is presented in Equation 4-7 (Kashkooli et al. 
2015). 
𝜎1,𝑒𝑓𝑓
𝜕𝜙1
𝜕𝑥
= 𝑖1 (4-7) 
In the supercapacitor model the cell potential is calculated as the difference in potential 
between the two current collectors and is recalculated at each timestep. This is demonstrated 
in Equation 4-8. This equation is identical in both the charge and discharge of the capacitor.  
𝑉(𝑡) = 𝜙1,𝑐(𝐿𝑐) − 𝜙1,𝑎(𝐿𝑎) (4-8) 
 
4.2.4. Constitutive models 
4.2.4.1. Introduction 
Following on from the definition of each of these equations, it is important to define the material 
properties which define many of the variables used in them. Where these properties are known 
and defined, these values are used. However, many variables are unknown and require 
calculation. This section will present the material property models used for all three of the 
devices simulated in this thesis. 
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4.2.4.2. Diffusion coefficients and Bruggeman’s coefficient 
An important property to determine is the diffusion coefficient of a species, typically defined 
as the constant of proportionality between the temporal and spatial difference of the species 
concentration, units 𝑚2/𝑠. The diffusion coefficient of an ion can be determined using the 
Stokes-Einstein equation, shown in Equation 4-9. This is a property dependent on the 
properties of both the ion and the electrolyte, represented in this equation. In this equation, 𝑘𝑏 
defines the Boltzmann constant (1.38 x 10-23 J K-1), 𝜂 is the viscosity of the electrolyte solvent 
(Pa s), and 𝑟𝑎𝑑𝑖 is the radius of the particle of species i (Edward 1970). 
𝐷𝑖 =
𝑘𝑏𝑇
6𝜋𝜂𝑟𝑎𝑑𝑖
 (4-9) 
This equation is valid for spherical particles in a fluid matrix in which the diffusing particles are 
larger than the solvent molecules. It is also only valid for fluids with a low Reynolds number, 
indicating that it only holds in situations with a steady fluid. It has also been demonstrated that 
the relationship does not hold when the particle size is below 5 Å (Edward 1970). Otherwise, 
the equation is used extensively throughout the literature and is demonstrated to be valid for 
the ion sizes simulated in this thesis.  
It is important to note that the diffusion of an ionic species is also affected by the charge on 
the ion and the electric field applied to it. This is summarised in the electrical mobility equation, 
demonstrated in Equation 4-10. This is a derivation from the Einstein relationship 
demonstrated in Equation 4-9. Fundamentally, diffusion and electrical mobility are driven by 
two different drivers; respectively a concentration gradient and an externally applied force. 
The derivation of this formula is based on the force imposed by the electric field on the ions 
inducing a velocity based on the charge of the ion (Zeghbroeck 2011).  
𝐷𝑖 = 𝜇𝑝
𝑘𝑏𝑇
𝑞
 (4-10) 
In Equation 4-10, 𝜇𝑝 is the electronic mobility, defined as the ratio between the ion velocity 
and the applied electric field (m/s V), and 𝑞 is the charge on the ion (C) (Zeghbroeck 2011).  
The Stokes-Einstein equation is an effective method to estimate the diffusion coefficient and 
is used extensively throughout the literature. However, an alternative method allows 
calculation of the diffusion coefficient from experimental data. This is known as the Randles-
Sevcik equation, which allows determination of the diffusion coefficient in an electrolyte from 
the cyclic voltammetry data of a cell. Cyclic voltammetry (CV) is a technique in which an 
electrode in a cell (either a supercapacitor or a battery) is cycled between two set potentials 
at a fixed rate, and the current response of the cell is measured. The current response is 
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plotted against the excitation potential for both the forward and backward sweep for analysis. 
Peaks in the current are seen at points where the voltage is sufficiently great enough for a 
redox reaction to occur in the cell (Quiroga 2017).  
This equation is used in multiple studies to determine the diffusion coefficient of the species 
in a redox reaction. However, it has been demonstrated that it is most valid at calculating the 
parameter at low scan rates (2 mV/s) (Leftheriotis et al. 2007). The Randles-Sevcik equation 
is demonstrated in Equation 4-11, where 𝑖𝑝 is the current value at the CV peak (A), 𝑛 is the 
number of electrons involved in the redox reaction, 𝐴 is the area of the working electrode (m2), 
and 𝐶𝑉 is the CV scan rate (v/s) (Leftheriotis et al. 2007). 
𝑖𝑝 = 0.4463𝑛𝐹𝑐𝑖𝐴√
𝑛𝐹𝐶𝑉𝐷𝑖
𝑅𝑇
 (4-11) 
When measuring and designing pore architectures, an important factor which needs to be 
considered is tortuosity. This is defined as a factor which summarises the effect on the 
transport properties and other coefficients of the non-homogeneous pore structure seen in 
porous carbons. This is often a macroscopic parameter which averages the effect of this 
overall structure, given the symbol 𝜏 (Thorat et al. 2009). The diffusion coefficient of species i 
is calculated as an effective value based on tortuosity using Equation 4-12. 
𝐷𝑖,𝑒𝑓𝑓 =
𝐷𝑖
𝜏
 (4-12) 
The effect of tortuosity is typically represented in a model by Bruggeman’s coefficient. This is 
a factor represented as 𝜀𝑥, where 𝜀 is the porosity and 𝑥 is a value between 0 and 4. The 
larger this value is, the more curved the pore is. A spherical or cylindrical pore is typically given 
a value of 1.5 (Graydon et al. 2014). Bruggeman’s coefficient is typically used as a multiplier 
for effective values for the properties of the materials in the cell, allowing the structure of a 
pore to be taken into account in the model. Bruggeman’s coefficient makes the following 
assumptions about ion transport in a pore: the sample is made up of two phases in which one 
is homogenous and the other is isotropic, the particles are small relative to the sample size, 
and each phase is randomly distributed in the sample. When only one species is considered, 
the coefficient can be used to give an effective diffusion coefficient (Tjaden et al. 2016).    
In this model, the diffusion coefficients of both the anions and the cations were calculated 
using Equation 4-10. The tortuosity of the pore was taken into account by using Bruggeman’s 
coefficient to determine the effective diffusion coefficient of the ion (𝐷𝑖,𝑒𝑓𝑓), as in equation 4-13. 
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A value of 1.5 was selected for all pores in this model as a representation for the overall pore 
connectivity.  
𝐷𝑖,𝑒𝑓𝑓 = 𝐷𝑖𝜀
1.5 (4-13) 
 
4.2.4.3. Electrolyte conductivity  
Conductivity in the electrolyte of a cell is typically defined experimentally but can be also 
calculated using Equation 4-14. This is known as the Nernst-Einstein equation. The basic form 
of the Nernst-Einstein equation is applicable to dilute solutions in which counterions are 
assumed to not interact (Harris 2010). In binary electrolytes of ions of different sizes, the 
effective electrolyte conductivity is dependent on the respective diffusion coefficients and 
respective concentrations of the anions and the cations (Harris 2010). In Equation 4-14, the 
subscripts + and – represent the anion and cation species respectively. 
𝜅𝑖 =
𝐹2
𝑅𝑇
(𝑣+𝑧+
2𝐷+ + 𝑣−𝑧−
2𝐷−) (4-14) 
The effect of electrolyte conductivity, and as such the terms required to simulate it, has been 
extensively studied in the literature. Conductivity is shown to be dependent on both 
temperature and ion concentration, though some theories are only valid in certain ranges of 
both (Anderko and Lencka 1997). This relationship is demonstrated in Equation 4-15. 
Incorporation of Bruggeman’s coefficient allows for calculation of the effective conductivity, as 
defined in equation  4-16. 
𝜅𝑖 =
𝑐𝑖𝐹
2
𝑅𝑇
(𝑣𝑖𝑧𝑖
2𝐷𝑖,𝑒𝑓𝑓) (4-15) 
𝜅𝑖,𝑒𝑓𝑓 = 𝜅𝑖𝜀
1.5 (4-16) 
 
4.2.4.4. Porosity 
Porosity, in its most basic form, is defined as the volume fraction of open pores in a sample. 
This is simply expressed as either a fraction or a ratio of the open pore phase to the solid 
phase of the pore. Porosity can be simply calculated using this ratio, expressed more clearly 
in Equation 4-17.  
𝜀𝑖𝑝 =
𝑉𝑖𝑝
𝑉𝑡𝑜𝑡𝑎𝑙
 (4-17) 
Porosity can be calculated from the pore volume from the PSD calculated from the N2 or CO2 
adsorption or chemisorption, as detailed in Chapter 3 of this thesis. This was how the porosity 
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was determined for the electrode materials presented in this thesis. However, this method 
typically only considers the micropore volume due to the nature of the adsorption/desorption 
process. Therefore, a true PSD generated will also need to include a macropore to represent 
bulk volume reservoirs in the electrode which feed the micropore electrolyte with a supply of 
anions and cations.  
 
4.2.5. Numerical solution boundary and initial conditions for supercapacitor 
simulations 
4.2.5.1. Introduction 
The equations detailed in section 4.2.3 were discretised in one dimension using a time implicit 
finite difference method according to the methodology detailed in appendix A.1.2 of this thesis. 
The discretised equations are solved in the spatial domain for a series of nodes at an individual 
timepoint using the tri-diagonal matrix algorithm (TDMA), which is once again detailed in 
appendix A.1.3. This section will detail the initial and boundary conditions for the galvanostatic 
charge/discharge cycling of the supercapacitor modelled here. These conditions apply to both 
the anode and cathode of the supercapacitor. As specified previously, the initial state of the 
supercapacitor is considered to be fully discharged. 
 
4.2.5.2. Charging 
As the cycling is galvanostatic, the boundary condition of the current density in the electrode 
is fixed at the current collectors as per Equation 4-18, where 𝑖0 is the initial value of the current 
density. The current density in the electrolyte has the initial condition of maximum at the 𝑥 = 0 
position in the electrolyte due to the fact that within the cell no charge has been generated in 
the initial condition. By conservation of charge it remains fixed at the current collector side by 
default, as the current density in the electrode is fixed at this point. 
𝑖1,𝑎(𝐿𝑎) = 𝑖0,  𝑖1,𝑐(𝐿𝑐) = 𝑖0 (4-18) 
The initial conditions on charge of the supercapacitor assume zero potential in both the 
electrode and the electrolyte. The potential in the electrolyte in both regions is fixed at the 
separator boundary condition at zero, as per Equation 4-19. This is solved spatially from this 
boundary condition along the axis to the current collector boundary.  
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𝜙2,𝑎(1) = 0, 𝜙2,𝑐(1) = 0 (4-19) 
The boundary condition of the potential in the electrode is dependent on the potential in the 
electrolyte, which is recalculated at each timepoint. This follows the conservation of charge, 
in which it is assumed that the potential in the electrolyte at the electrode surface induces the 
same potential in the electrode, albeit with a reduced value due to the resistance of the 
surface. This is expressed in Equation 4-20, where 𝑅𝑐 is the contact resistance term for the 
electrodes (Ω), and 𝐴 is the cross-sectional area of the cell (m2). The contact resistance in this 
case is generated by the contact between the electrode and the current collector. This variable 
is solved from this boundary condition along the axis toward the centre of the separator. 
𝜙1,𝑎(𝐿𝑎) = −𝜙2,𝑎(𝐿𝑎) − 𝑅𝑐𝑎𝑖0𝐴, 𝜙1,𝑐(𝐿𝑐) = −𝜙2,𝑐(𝐿𝑐) − 𝑅𝑐𝑐𝑖0𝐴 (4-20) 
The boundary condition of the concentrations of both anions and cations is fixed at the 
separator, as expressed in Equation 4-21. The flux term is assumed to be applicable at all 
nodes and is solved using the TDMA. In the initial conditions of charge, the concentration of 
both sets of ions is assumed to be uniform across all regions of the cell, where the initial 
concentration is 𝑐0.  
𝑐𝑖(0) = 𝑐0 (4-21) 
 
4.2.5.3. Discharging 
On discharge, the equations are solved in the same order as charge. The initial conditions of 
all parameters on discharge are the final values of the parameters on charge, as the algorithm 
immediately feeds into the next set of data. The only discrepancy is the initial and boundary 
conditions of the current density. In the galvanostatic discharge the boundary condition of the 
current density is the negative of that presented in Equation 4-18. The boundary condition for 
the current density in the electrolyte remains identical. The boundary conditions for the 
potentials in the electrode and electrolyte (Equation 4-19 and Equation 4-20) also remain the 
same.  
The concentration terms on discharge are given no fixed boundary condition. This reflects the 
fact that in reality the ions are dissociating from the EDL and diffusing back into the bulk 
electrolyte of the pore. As this is not directly considered by the model, removing the boundary 
condition allows for a representation of this.  
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4.2.6. Algorithm flow chart 
The discretised equations, along with the boundary conditions listed above, were implemented 
in MATLAB following the generalised structure detailed in Figure 4-4. The algorithm used to 
simulate a supercapacitor is configured in such a way that the variables for both the anode 
and cathode regions are solved for simultaneously, and respectively feed into the next set of 
parameters. Therefore, in the flow chart in Figure 4-4 each variable is solved for the two 
separate electrodes. This aids in separation of charge. Details of error calculation are given in 
appendix A.4. 
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Figure 4-4 - Flow chart of the generalised solving structure of the supercapacitor simulation algorithm. The charge 
and discharge phases consist as two discrete while loops, within which a nested while loop is used to ensure error 
convergence.  
 
4.3. Lithium-Sulphur Battery 
4.3.1. Introduction 
A dynamic volume averaged one-dimensional transient mass transport model is presented for 
a Li-S battery in this section, which considers different pore sizes in a pore line model for each 
x axis element in the cathode. As with the supercapacitor model presented previously, the 
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pores are structured in such a way as to be parallel lines at each element in the x axis along 
the longitudinal axis of an overall macropore reservoir.  
As discussed in Chapter 2 of this thesis, the Li-S battery reaction mechanism is not fully 
understood. As such, two different versions of the reaction kinetics will be presented in this 
thesis: a simplified two-stage reaction model, and a more complex five-stage reaction model. 
Both models utilised the equations for each variable presented in this section and were 
implemented in an algorithm using MATLAB. This allows for analysis of which set of reactions 
is the most appropriate for simulating the electrochemical processes of a Li-S battery.  
 
4.3.2. Li-S battery model structure 
This model has a similar structure to that of the supercapacitor model detailed in section 4.2.2, 
however only the electrochemical processes in the cathode electrode are considered. The 
cathode is a composite carbon electrode which has been impregnated with sulphur. The one-
dimensional model solves for the variables in two regions and three boundaries, where one 
region is the cathode and the other is the porous separator. It is considered that the zero 
position is the surface of the anode (the lithium electrode), which does not change. This 
structure is detailed in Figure 4-5.  
 
 
Figure 4-5 – The overall structure of the one-dimensional Li-S model presented in this thesis. The surface of the 
lithium anode is fixed as the zero position, the first boundary is the surface of the separator, and the final boundary 
is at the current collector for the cathode.  
Chapter 4: 4.Continuum Model of Mass and Charge Transport in Supercapacitors and 
Batteries 
Joshua Bates   132 
 
Throughout the depth of the cathode electrode, a series of pore lines are defined in a 
hierarchical structure at each node solved for. These are all connected to and fed by a large 
cylindrical macropore. The electrolyte is assumed to fill all of these pores, where the lithium 
ions and octasulphur are initially present at a specified concentration. A representation of this 
is seen in Figure 4-6. Throughout discharge, the polysulphides of decreasing chain length 
form. As stated previously, the shortest chain polysulphides are insoluble in the electrolyte 
and deposit on the electrode surface. A representation of this is seen in Figure 4-7. 
 
 
Figure 4-6 – Demonstration of the pore line schematic of the Li-S battery. 
 
 
Figure 4-7 - Demonstration of the pore line schematic of the Li-S battery at different stages of discharge. 
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4.3.3. Equations 
4.3.3.1. Reaction kinetics 
Prior to definition of the model, it is important to define the reaction stages which are simulated. 
As stated previously, two different models will be presented in this thesis – a two-stage model 
and a 5-stage model. These reaction stages are derived from the results presented in the 
literature for this as detailed in Chapter 2 of this thesis. Further details on the reaction kinetics 
will be given in Chapter 6 of this thesis. The two reactions in the cathode that occur in the two-
stage model are given in Equation 4-22 and Equation 4-23 respectively. 
S8
2− + 2Li+ → Li2S8⋯𝐸𝑣
0 = 2.45 𝑉   (4-22) 
S8
2− + 8Li+ → 4Li2S2⋯Ev
0 = 2.0 𝑉   (4-23) 
Expanding further on this, the electrochemical reactions simulated the five-stage model are 
given in Equation 4-24 to Equation 4-28. Once again, further details on these reaction kinetics 
will be given in Chapter 6 of this thesis (Wild et al. 2015). 
S8
2− + 2Li+ → Li2S8⋯𝐸𝑣
0 = 2.4 𝑉 (4-24) 
S6
2− + 2Li+ → Li2S6⋯𝐸𝑣
0 = 2.3 𝑉 (4-25) 
S4
2− + 2Li+ → Li2S4⋯𝐸𝑣
0 = 2.1 𝑉 (4-26) 
S2
2− + 2Li+ → Li2S2⋯𝐸𝑣
0 = 2.1 𝑉 (4-27) 
S2− + 2Li+ → Li2𝑆⋯𝐸𝑣
0 = 1.9 𝑉 (4-28) 
In this model, only the reaction kinetics in the cathode are simulated. The reaction in the anode 
is assumed to be the oxidation of lithium, as given in equation 2-24.  
 
4.3.3.2. Mass transport 
In the Li-S model, the only mass transport solved for is that of the lithium ions. Whilst longer 
chain polysulphides and the octosulphur molecule are soluble in the electrolyte, their mass 
transport was not considered. The concentrations of these species change only in the time 
domain from being consumed or created in the reaction stages.  
In this model, mass transport follows the current flux and diffusion terms as detailed in section 
4.2.3.1. However, a reaction term is also included due to the consumption of lithium. This is 
demonstrated in Equation 4-29, where 𝑟𝑖 is the consumption rate of species 𝑖 (mol/m
3 s) as 
defined by Equation 4-30. 
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𝜀
𝜕𝑐𝑖
𝜕𝑡
= 𝐷𝑖
𝜕2𝑐𝑖
𝜕𝑥2
−
𝑧𝑖𝑡𝑖
0
𝑣𝑖𝐹
(
𝜕𝑖2
𝜕𝑥
) −
𝑧𝑖𝑖2𝑡𝑖
0
𝑣𝑖𝐹
(
𝐴𝑝(𝑖𝑝 + 1)
𝑉𝑝(𝑖𝑝)
)(
𝑉𝑝(𝑖𝑝)
𝑉𝑝,𝑡𝑜𝑡𝑎𝑙
)
+
𝑧𝑖𝑖2𝑡𝑖
0
𝑣𝑖𝐹
(
𝐴𝑝(𝑖𝑝)
𝑉𝑝(𝑖𝑝 − 1)
)(
𝑉𝑝(𝑖𝑝)
𝑉𝑝,𝑡𝑜𝑡𝑎𝑙
) − 𝑟𝑖 
(4-29) 
𝑟𝑖 =
𝑠𝑖
𝑛𝐹
𝜕𝑖2
𝜕𝑥
 (4-30) 
This reaction rate equation is a derivation of Faraday’s law, which states in broad terms that 
the change of the mass of a species is proportional to the quantity of charge passing through 
the battery (Ehl and Ihde 1954). This is related by Faraday’s constant. Rearranging this gives 
the rate of reaction as per Equation 4-30 (Sahapatsombut et al. 2013b). 
 
4.3.3.3. Current density  
Section 4.2.3.2 defines the use of current densities in both the solid and the electrolyte phases 
in the models presented in this thesis. The spatial change in the current density in the 
electrolyte is defined as per Equation 4-31, where 𝑎 is the specific interfacial surface area of 
the electrode (m2/m3), and 𝑗𝑐 is the transfer current density of the cathode (A/m
2). 
𝜕𝑖2
𝜕𝑥
= 𝑎𝑗𝑐 (4-31) 
This equation states that the current density is related to the volumetric rate of current transfer, 
as calculated on the right-hand side of Equation 4-31 (Sahapatsombut et al. 2013b). The 
transfer current density in this model is the current density between the electrolyte and the 
electrode surface, which is defined using a Tafel equation, which is a modified Butler-Volmer 
equation (Sahapatsombut et al. 2013b). As the Li-S battery involves the use of a multi-stage 
reaction, each stage is defined by a different version of this equation. Equation 4-32 to 
Equation 4-36 define the reactions for the formation of each of the chain lengths.  
Chapter 4: 4.Continuum Model of Mass and Charge Transport in Supercapacitors and 
Batteries 
Joshua Bates   135 
 
𝑗𝑐,𝐿𝑖2𝑆8
𝑛𝐹
= 𝑘𝑎,𝐿𝑖2𝑆8𝑐𝐿𝑖2𝑆8 exp [
(1 − 𝛽)𝑛𝐹
𝑅𝑇
𝜂𝑐]−𝑘𝑐,𝐿𝑖2𝑆8(𝑐𝐿𝑖+)
2𝑐𝑆82− exp [
−𝛽𝑛𝐹
𝑅𝑇
𝜂𝑐] (4-32) 
𝑗𝑐,𝐿𝑖2𝑆6
𝑛𝐹
= 𝑘𝑎,𝐿𝑖2𝑆6𝑐𝐿𝑖2𝑆6 exp [
(1 − 𝛽)𝑛𝐹
𝑅𝑇
𝜂𝑐]−𝑘𝑐,𝐿𝑖2𝑆6(𝑐𝐿𝑖+)
2𝑐𝑆62− exp [
−𝛽𝑛𝐹
𝑅𝑇
𝜂𝑐] (4-33) 
𝑗𝑐,𝐿𝑖2𝑆4
𝑛𝐹
= 𝑘𝑎,𝐿𝑖2𝑆4𝑐𝐿𝑖2𝑆4 exp [
(1 − 𝛽)𝑛𝐹
𝑅𝑇
𝜂𝑐]−𝑘𝑐,𝐿𝑖2𝑆4(𝑐𝐿𝑖+)
2𝑐𝑆42− exp [
−𝛽𝑛𝐹
𝑅𝑇
𝜂𝑐] (4-34) 
𝑗𝑐,𝐿𝑖2𝑆2
𝑛𝐹
= 𝑘𝑎,𝐿𝑖2𝑆2𝑐𝐿𝑖2𝑆2 exp [
(1 − 𝛽)𝑛𝐹
𝑅𝑇
𝜂𝑐]−𝑘𝑐,𝐿𝑖2𝑆2(𝑐𝐿𝑖+)
2𝑐𝑆22− exp [
−𝛽𝑛𝐹
𝑅𝑇
𝜂𝑐] (4-35) 
𝑗𝑐,𝐿𝑖2𝑆
𝑛𝐹
= 𝑘𝑎,𝐿𝑖2𝑆𝑐𝐿𝑖2𝑆 exp [
(1 − 𝛽)𝑛𝐹
𝑅𝑇
𝜂𝑐] − 𝑘𝑐,𝐿𝑖2𝑆(𝑐𝐿𝑖+)
2𝑐𝑆2− exp [
−𝛽𝑛𝐹
𝑅𝑇
𝜂𝑐] (4-36) 
Throughout these equations, the symbol 𝜂𝑐 defines the cathode overpotential, as given in 
Equation 4-37 (Sahapatsombut et al. 2013b). 
𝜂𝑐 = 𝜙1 − 𝜙2 − 𝐸𝐿𝑖2𝑆𝑥
0  (4-37) 
In Equation 4-37, the electrochemical potential of each reaction is utilised to calculate the 
cathode overpotential of each stage of the reaction. In the RHS of the equation, 𝑥 refers to the 
polysulphide chain length. Overpotential of the cathode in this case is defined by the difference 
between the potential difference between the potential in the electrode and the electrolyte and 
the electrochemical potential of the reaction. However, in the later stage reactions where the 
discharge product is solid-state (where x<4), the solid deposition layer on the cathode surface 
acts as a barrier. As such, the overpotential in these reactions is increased. This is expressed 
in Equation 4-38, where ∆𝜙𝑓𝑖𝑙𝑚 is the change in potential drop across the solid discharge 
product layer, as defined in Equation 4-39. In this equation, 𝑅𝑓0 is the areal resistance of the 
deposition layer (Ω/m2) and 𝜀𝐿𝑖2𝑆𝑥  is the volume fraction of the discharge product in the cathode 
(Sahapatsombut et al. 2013b). 
𝜂𝑐 = 𝜙1 − 𝜙2 − 𝐸𝐿𝑖2𝑆𝑥
0 − ∆𝜙𝑓𝑖𝑙𝑚 (4-38) 
∆𝜙𝑓𝑖𝑙𝑚 = 𝑗𝑐,𝐿𝑖2𝑆𝑥𝑅𝑓0𝜀𝐿𝑖2𝑆𝑥 (4-39) 
The Butler-Volmer equation derives originally from the Tafel relationship, which demonstrates 
the logarithmic relationship between the applied current density and the overpotential of the 
reaction (Fang and Liu 2014). Equation 4-32 to Equation 4-36 relate the current density acting 
on an electrode to the electrode overpotential via an exponential relationship. Butler-Volmer 
kinetics typically applies for an electrochemical reaction taking place at the surface of an 
electrode, in which the anodic and cathodic reaction occur simultaneously on the same 
electrode. The generalised version of the Butler-Volmer equation follows that the reaction is 
driven by the charge transfer at the electrode, however in the modified version utilised here 
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the reaction is driven by mass transfer (Newman 1991). This applies more closely at lower 
overpotentials (<15 mV). Above this the relation tends to be linear, and as such Tafel equation 
applies once again. This is because the Butler-Volmer equation makes the assumption that 
the forward and reverse reactions are occurring simultaneously, but at high overpotentials one 
of these reactions dominates and the relationship is no longer exponential (Fang and Liu 
2014).  
 
4.3.3.4. Potential 
The equations used to determine the potentials in both the electrode and the electrolyte are 
similar to that presented in section 4.2.3.3. The potential in the electrode is calculated using 
the equation for Ohm’s law, as shown in Equation 4-7. The potential in the electrolyte is 
calculated using Equation 4-40. 
𝜕𝜙2
𝜕𝑥
= −
𝑖2
𝑘𝑒𝑓𝑓
−
2𝑅𝑇𝜅𝑒𝑓𝑓
𝐹
(𝑡+ − 1) (1 +
𝜕 ln 𝑓
𝜕 ln 𝑐𝐿𝑖
)∇ ln 𝑐𝐿𝑖 (4-40) 
This equation relates the potential in the electrolyte with the current density via the electrolyte 
conductivity, as per Equation 4-6. This implies that the potential held in the electrolyte drives 
the current, which in turn induces mass transport via the flux of the species. The additional 
term in this equation is derived from a series of assumptions. 
It is assumed that in a binary electrolyte, the electrodes (anode and cathode) would be in 
equilibrium with a reference electrode representing the solvent. This stands that the overall 
number of electrons transferred is equivalent to that of the sum of the three electrodes. The 
sum of the flux of the three reactions relates both the potential and the current density in this 
configuration. The full derivation can be seen in (Newman 1991). 
 
4.3.3.5. Changing parameters and properties 
Due to deposition of the insoluble discharge product (short chain polysulphides) on the active 
material surface area, there are some parameters that change – namely the porosity of the 
electrode and the active specific surface area. In the model, these parameters do not change 
for the long chain polysulphides, namely Li2Sx where x≥4, as these are soluble in the 
electrolyte. The change in porosity is calculated for the Li2S2 and Li2S formation reactions using 
Equation 4-41, where 𝑀𝐿𝑖2𝑆𝑥 is the molecular mass of the insoluble polysulphide (where x<4), 
and 𝜌𝐿𝑖2𝑆𝑥 is the density of the insoluble polysulphide (where x<4) (Sahapatsombut et al. 
2013b). 
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𝜕𝜀
𝜕𝑡
= 𝑎𝑗𝑐,𝐿𝑖2𝑆𝑥 (
𝑀𝐿𝑖2𝑆𝑥
2𝐹𝜌𝐿𝑖2𝑆𝑥
) (4-41) 
This is utilised to determine the new porosity at the beginning of each timestep. This 
relationship is derived from a simple calculation of the change in the total volume of the 
discharge product, which is determined using the reaction rate expression on the RHS 
(derived through the relationship of Equation 4-30 and Equation 4-31) (Wang 2012). From 
this, the volume fraction of the discharge product in the electrode is recalculated at every 
timepoint as expressed in Equation 4-42. 
𝜀𝐿𝑖2𝑆𝑥 = 1 − 𝜀 − 𝜀𝑠 (4-42) 
The active specific surface area is calculated at the same point using Equation 4-43. 
𝑎 = 𝑎0 (1 − (
𝜀𝐿𝑖2𝑆𝑥
𝜀0
)
𝑝
) (4-43) 
The changing of these two variables with time also changes the effective properties in the 
model, namely those subject to Bruggeman’s coefficient (as per section 4.2.4).  
 
4.3.4. Numerical solution boundary and Initial conditions for Li-S battery 
simulations 
The structure and general boundary conditions of this model are similar to that presented for 
the supercapacitor model (as detailed in section 4.2.5), however there are several 
fundamental changes. As there is only one electrode considered here, and only two regions, 
there are only three boundaries to consider. As the simulation considers only galvanostatic 
discharge, the boundary condition at the current collector (x = Lmax, as expressed in Figure 
4-4). This is expressed in Equation 4-44. 
𝑖1(𝐿𝑚𝑎𝑥) = 𝑖0,     𝑖2(𝐿max) = 0 (4-44) 
As the battery begins in the charged state, the initial condition for the potential in the electrode 
is considered to be uniform for all nodes at the charged potential of 3.0 V. The potential in the 
electrolyte is considered initially uniform at 0 V. This also is considered to have a boundary 
condition at the lithium side of the separator, as expressed in Equation 4-45.  
𝜙2(1) = 0 (4-45) 
During the discharge, the electrochemical potential of the reaction is considered to be constant 
during each of the respective reactions that take place. The values for each of these will be 
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detailed in Chapter 6 of this thesis. The boundary condition is therefore recalculated at every 
timepoint as expressed in Equation 4-46, where the polysulphide is defined.  
𝜙1(𝐿𝑚𝑎𝑥) = 𝐸𝐿𝑖2𝑆𝑥
0 − 𝜙2(𝐿𝑚𝑎𝑥) (4-46) 
In this configuration, only mass transport of lithium is solved for. Therefore, only one boundary 
condition is required. Lithium is considered to have a fixed boundary at the anode surface area 
of the initial concentration, as expressed in Equation 4-48. It is assumed that the 
concentrations of both lithium and sulphur are initially uniform in all nodes. 
𝑐𝐿𝑖(1) = 𝑐0 (4-47) 
 
4.3.5. Algorithm flow chart  
In this section, the algorithm structures of the two models are presented: a two-stage reaction 
model and five-stage reaction model. Both reactions have the same result (as the discharge 
product). The main reason that this assumption is valid is that the polysulphides can be split 
into two groups: soluble (Li2Sx where x≥4), and insoluble (Li2Sx where x<4). This causes the 
formation of two voltage plateaus in the galvanostatic discharge curve. The generalisation is 
used to simplify the model when simulating the Li-S battery discharge to reduce the computing 
time whilst retaining the fundamental aspects of the Li-S model.  
The fundamental aspect of both models is that the polysulphide formation reactions have 
different electrochemical potentials, and thus are switched on between different potential 
ranges at different stages of discharge. In the two-stage reaction model, Equation 4-22 is the 
only reaction occurring at cell potentials greater than 2.3 V. Below this, this reaction stops and 
only the reaction expressed in Equation 4-23 occurs. The flow chart of this reaction is 
demonstrated in Figure 4-8.  
Following this, the full 5-stage reaction was implemented in a separate algorithm. Once again, 
each of the reaction stages occurs within a cell potential window, where the reaction is only 
switched on in this window. These potentials and the algorithm structure can be seen in Figure 
4-9. For both of these algorithms, the error calculation is given in appendix A.4.  
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Figure 4-8 – The two-stage reaction Li-S reaction flow chart. 
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Figure 4-9 – The five-stage reaction Li-S model flow chart.  
 
4.4. Lithium-air Battery 
4.4.1. Introduction 
The final model to consider is that of the Li-O2 battery. This is another transient, volume 
averaged, mass transport model, simulating the primary discharge of the battery. This model 
incorporates lithium ion and oxygen molecule mass transport through pores of different sizes, 
where at each position in the cathode a discretised PSD is considered. This model includes a 
single stage reaction, resulting in the formation of insoluble Li2O2. 
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4.4.2. Li-air battery model structure 
The structure of this model is identical to that of the Li-S battery model presented in Figure 
4-5 in section 4.3.2. The model considers two regions and three boundary conditions, namely 
the separator layer and the porous carbon-based cathode. The one-dimensional mass 
transport of both the lithium ions and oxygen molecules is solved for in both regions, assuming 
the reaction only takes place in the pores in the cathode region. The anodic discharge reaction 
is expressed in Equation 4-48, and the cathodic discharge reaction is expressed in Equation 
4-49.  
𝐿𝑖(𝑠) → 𝐿𝑖(𝑠)
+ + 𝑒− (4-48) 
2𝐿𝑖(𝑠)
+ +𝑂2(𝑔) → 𝐿𝑖2𝑂2(𝑠) (4-49) 
In this model, as per the reaction kinetics presented in the literature review (section 2.4.2), the 
solid insoluble Li2O2 reaction product deposits on the surface area of the porous cathode. As 
a result, there is a continuously growing Li2O2 layer on the surface of each pore, decreasing 
the accessibility of the pore surface to the reactants. This steadily increases the overpotential 
in the reaction. A representation of the multiple pore lines in this model is seen in Figure 4-10, 
where an overall cylindrical macropore feeds reactants into the micropores in the hierarchical 
pore line. A representation of the pore line during discharge is seen in Figure 4-11, where the 
Li2O2 deposit layer can be clearly seen. In this, the smallest pore is demonstrated to have no 
deposition of the discharge product. This is due to the fact that only pores accessible to the 
lithium ion and oxygen molecule (based on ionic radii) will have a reaction within them.  
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Figure 4-10 - The demonstration of the pore line model structure utilised for the Li-air model. 
 
 
Figure 4-11 - The demonstration of the reaction progression within the pores forming the pore line in the Li-air 
model presented in this thesis. 
 
4.4.3. Equations 
4.4.3.1. Mass transport  
For the most part, the equations utilised in this model are identical to those used in the Li-S 
model presented in the previous section. There are however several fundamental differences 
in order to simulate the different reaction kinetics that occur in this cell chemistry. Firstly, the 
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mass transport will be considered. In this model, the mass transport of both the lithium ions 
and the oxygen molecules are included. As the diffusion of the lithium ions is also affected by 
the charge, the flux term of this will also consider Nernstian diffusion. This is expressed in 
Equation 4-50. The mass transport of oxygen is expressed in Equation 4-51. In these 
equations, 𝑟𝐿𝑖 is the rate of consumption of lithium ions and 𝑟𝑂2 is the consumption rate of 
oxygen molecules (expressed in mol/m3s). 
𝜀
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(4-50) 
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4.4.3.2. Reaction kinetics, current density, potential, and changing properties 
As per above, the current density is solved for in both the solid and liquid media (the cathode 
and the electrolyte). The current density in the electrolyte is also solved for using Equation 
4-40. In this model, the discharge is considered to be a single stage formation of Li2O2, as 
expressed in Equation 4-49. Therefore, the Butler-Volmer reaction equation is utilised in this 
model as expressed in Equation 4-52. 
𝑗𝑐,𝐿𝑖2𝑂2
𝑛𝐹
= 𝑘𝑎,𝐿𝑖2𝑂2𝑐𝐿𝑖2𝑂2 exp [
(1 − 𝛽)𝑛𝐹
𝑅𝑇
𝜂𝑐]−𝑘𝑐,𝐿𝑖2𝑂2(𝑐𝐿𝑖+)
2𝑐𝑂2 exp [
−𝛽𝑛𝐹
𝑅𝑇
𝜂𝑐] (4-52) 
As the Li2O2 layer increases in thickness, the accessibility of the pore surface area decreases. 
This is represented in the calculation of the overpotential, as expressed in Equation 4-38. The 
current density in the electrolyte is calculated using Equation 4-31, and in the electrode using 
Equation 4-5.  
In this model, the potential in the electrolyte is determined using Equation 4-40, and the 
potential in the electrode is determined using Equation 4-7. This is due to the fact that the 
model follows the same assumptions as the Li-S model, namely the dilute solution theory and 
the binary electrolyte theory.  
During discharge, several parameters are affected by the Li2O2 deposition. The porosity 
changes at each timepoint as per Equation 4-41, where the species under consideration is 
Li2O2 only. This in turn causes the active surface area to change (as per Equation 4-43), and 
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the effective diffusion coefficients (as per Equation 4-13). The new thickness of the Li2O2 
deposit layer is calculated using Equation 4-53 (Sahapatsombut et al. 2013b). These are 
recalculated at the beginning of each timepoint, as demonstrated in the flow chart in Figure 
4-12.  
𝑙𝑖𝑝,𝐿𝑖2𝑂2 = ((
𝜀𝐿𝑖2𝑂2 + 𝜀𝑠
0
𝜀𝑠
0 )
1 3⁄
) 𝑑𝑝,𝑖𝑝 − 𝑑𝑝,𝑖𝑝 (4-53) 
 
4.4.4. Numerical solution boundary and initial conditions for Li-air battery 
simulations 
As the structures of both the Li-S and Li-O2 models are identical, they have similar initial and 
boundary conditions for most of the parameters given in section 4.3.4. As the discharge 
simulated here is galvanostatic, the current density in both the electrode and the electrolyte 
also has fixed boundary conditions, as expressed in section 4.3.4. For the potentials, the 
boundary and initial conditions of the potential in the electrolyte remain identical. For the 
potential in the electrode, it is assumed that the potential is initially uniform across all nodes 
at 3 V (in the charged state). The boundary condition at the air current collector is recalculated 
at each timepoint using Equation 4-54. 
𝜙1(𝐿) = 𝐸𝑣,𝐿𝑖2𝑂2 −𝜙2(𝐿) (4-54) 
In the Li-O2 model, the mass transport of both lithium and oxygen are solved for as detailed 
above. Due to the structure of the battery, the boundary conditions for both reactants remain 
fixed at opposite sides of the electrode. As the supply of lithium comes from the lithium 
electrode, the mas transport of lithium has a fixed boundary condition at the lithium side as 
expressed in Equation 4-47. At the air side, the it is assumed in most cases that the oxygen 
has a fixed boundary condition as expressed in Equation 4-55. The initial value of the 
concentration of oxygen is calculated using the solubility of oxygen in the electrolyte at the 
oxygen partial pressure outside the cathode, assuming that the oxygen supply is maintained 
at a constant pressure during the full Li-air battery discharge.  
𝑐𝑂2(𝐿) = 𝑐𝑂2,0 (4-55) 
 
4.4.5. Flow chart 
As with the previous models, the presented equations were discretised in one dimension using 
a time implicit finite differencing method. These were then implemented in MATLAB. The 
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program was written as per the structure seen in Figure 4-12. The error calculation specified 
in this flow chart is defined in appendix A.4.  
 
4.5. Concluding remarks  
In this chapter, the theory and structure of the models developed in this thesis have been 
presented, along with the method utilised to incorporate the PSD into the one-dimensional 
models. All of the models presented here were written and implemented in MATLAB, which 
has allowed for full freedom in terms of the configurations of the supercapacitors and batteries. 
In particular, models for three types of energy storage devices were developed as specified. 
These are: electrochemical double layer capacitors (EDLCs), Li-S batteries, and Li-O2 
batteries.  The user could input the required values for parameters representing different 
materials and run the program to predict the effects of utilising different materials. The results 
of the three models will be presented in the coming chapters.  
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Start
Declare parameters and 
initial/boundary conditions
Discharge while loop begins
Increase time value to next timestep
Error loop begins
Calculate new current density in the 
electrolyte (i2, eq. 4-31)
Calculate new current density in the 
electrode (i1, eq. 4-5)
Calculate new potential in the electrolyte (φ2, 
eq. 4-40)
Calculate new potential in the electrode (φ1, 
eq. 4-7)
Calculate new lithium ion concentration in 
all pore sizes (cLi, eq. 4-50)
Calculate error in new values
If error > 1x10
-4
Calculate new cell potential
If error < 1x10-4
If potential > 1.5 V
End
Calculate new exchange current density (jc, 
eq. 4-52), active surface area (a, eq. 4-43), 
diffusion coefficients (DLi,eff, DO2,eff, eq. 4-13), 
porosity (ε, 4-17), and Li2O2 thickness layer 
(l, eq. 4-53) 
Calculate new oxygen concentration in all 
pore sizes (cO2, eq. 4-51)
 
Figure 4-12 – The flow chart for the Li-air model.  
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5. Simulations of the Electrochemical Transport in 
Electrochemical Double Layer Capacitors (EDLCs) 
5.1. Introduction 
Chapter 4 describes the model and algorithm structure for an EDLC, otherwise known as a 
supercapacitor. In this chapter, the simulation results for three different supercapacitor 
configurations will be presented: 
 
• Cell configuration C1: A symmetrical EDLC cell with Kynol ACF 507-15 electrodes, 
a cellulose based separator (NKK TF4055), and a 1.5 M TEABF4 in acetonitrile (AN) 
electrolyte (Fields et al. 2016). 
• Cell configuration C2: A symmetrical EDLC cell with AC coating (Sigma Aldrich, 90 
µm particle size) electrodes with an aluminium/carbon black (Al2C3) whisker foil current 
collector, a paper separator, and a 1.5 M TEABF4 in acetonitrile (AN) electrolyte 
(Markoulidis 2014). 
• Cell configuration C3: A symmetrical EDLC cell with AC coating (Sigma Aldrich, 90 
µm particle size) electrodes with an aluminium/carbon black (Al2C3) whisker foil current 
collector, a paper separator and a 1.0 M TEABF4 in propylene carbonate (PC) 
electrolyte (Markoulidis 2014). 
 
This chapter will be structured as follows. Firstly, the electrode materials used in experimental 
supercapacitors will be analysed. This will involve the use of characterisation techniques to 
determine the pore size distribution and pore structures of the materials. Then, the simulation 
will be presented for each EDLC cell configuration and experimental results from past 
publications in the group will be used to validate this model for the different pore structures 
presented for each electrode material.  
 
5.2. Material characterisation results 
This section will detail the characterisation and pore structure results for the electrode 
materials of each of the three supercapacitor configurations simulated in this thesis. The 
adsorption/desorption isotherms of each material were determined with nitrogen as the 
adsorbate using a BELSORP-Max by Dr Maurizio Laudone at the University of Plymouth. The 
data was used in this project to determine a PSD of each material through GCMC or NLDFT 
simulations. These methods are detailed in appendix A.2.3. Then, microscopy techniques 
Chapter 5: Simulations of the Electrochemical Transport in Electrochemical Double Layer 
Capacitors (EDLCs) 
Joshua Bates   148 
 
were used in characterisation studies as part of this project to physically observe the pore 
structures of each material to determine the pore model used for each pore size in the 
simulation. 
 
5.2.1. Kynol ACF 507-15 
5.2.1.1. Introduction 
Activated carbon fibre (ACF) offers advantages over other ACs, such as high micro-porosity, 
low meso-porosity, high packing density, and high volumetric capacity (Lee et al. 2014). 
Micropores are typically available on the surface of fibres, which aids in adsorption and 
reduces the need for mass transport into the fibres to reach the high surface area micropores 
(Tripathi et al. 2018). Phenolic fibre is a typical precursor, however other precursors have been 
used in the literature (such as Lignin, or a Rayon (cellulose) fibre) (Lin and Zhao 2016, Mangun 
et al. 2001, Zeng and Pan 2008). Kynol ACF 507-15 is commercially available and is 
manufactured from Kynol novoloid fibre precursor (Kynol Europa GmbH 2012).  
 
5.2.1.2. SEM and AFM imagery of Kynol ACF 507-15 
Imagery of the pores in the Kynol fabric allowed for determination of the pore model used to 
calculate the PSD, detailed in section 5.2.1.3. The techniques of SEM and AFM are described 
in Chapter 3 of this thesis. Determination of the PSD using GCMC or NLDFT is more accurate 
when the correct pore model is used to describe the pores in the sample. Different scale 
images of Kynol fabric taken using an SEM can be seen in Figure 5-1 through to Figure 5-4. 
These were taken of ACF Kynol 507-15 samples using a JEOL 7100F SEM at different levels 
of magnification. The sample was mounted using a conductive liquid silver on to the sample 
holder. No further sample preparation was necessary as the surface of the ACF is already 
conductive. 
On the macro scale, seen in Figure 5-1, the woven fibrous structure can be seen. As discussed 
previously, this structure justifies the formation of the large reservoir macropores from the 
spacing between the fibres in this model, which feed the micropores within the fibre structure. 
To determine the volume fraction of open pores in the cloth, these images were processed to 
binary images in MATLAB, which gave a spatial 2D version. This was used to see the void 
spaces within the weave more clearly, as demonstrated in Figure 5-2. These gave an average 
value of 65% large macropore void volume fraction, which justifies the porosity value used in 
the supercapacitor model. This volume will be modelled following the cylindrical pore model 
which is justified by the curved surface of the fibres. 
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Figure 5-1 - SEM images taken of the macro scale structure of the 507-15 Kynol ACF.  At a magnification less than 
100x, the fibrous structure can be observed and macropores greater than 50 nm can be seen. This starts with large 
macropores in the order of 100-300 μm between the yarns, and down to pores 10-30 μm between the fibres.  
 
 
Figure 5-2 - These images show examples of the filtered macro scale SEM images taken of the Kynol ACF.  
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At the meso to micro scale, as demonstrated in Figure 5-3 and Figure 5-4, the macro and 
mesopores on the surface of the fibres can be seen to most closely resemble the spherical or 
cylindrical pore models. At the micro scale, a sheet structure can be observed in the fibres. 
This closely matches the slit pore model, in which the sheets of the material are parallel. 
Therefore, a pore size distribution can be built using both the cylindrical and the slit pore 
models. The pores on the macro to meso scale follow the cylindrical pore model, and on the 
micro scale the pores follow the slit pore model. Further details on calculation of the PSD can 
be seen in section 5.2.1.3. 
 
 
Figure 5-3 - SEM images at the scale of 100-10,000x can be used to see pores in the macro and mesopore region 
on the surface of the individual Kynol ACF. The larger macro and mesopores on the fibre surface show a spherical 
or cylindrical structure, whilst the layered slit pore structure can also be seen. 
 
 
Figure 5-4 - These SEM images show examples of the pore structures in the Kynol ACF at the micro scale. The 
sheet like structure most closely represents that of the slit pore model, which will be used to generate the PSD for 
the ACF.  
Chapter 5: Simulations of the Electrochemical Transport in Electrochemical Double Layer 
Capacitors (EDLCs) 
Joshua Bates   151 
 
The SEM imagery used here was combined with AFM carried out on the fibre surface to give 
additional information on the pore structure and topography. AFM was carried out using a 
Bruker Dimension Edge on the surface of Kynol ACF fibres. These were then analysed using 
the software package NanoScope Analysis 1.5. The number of lines was 1024 in a 1 x 1 µm 
square and the scan rate was 0.1 Hz. By the nature of AFM, the tip direction could be in line 
with either the longitudinal or transverse axes of the fibre (parallel or perpendicular to the fibre 
direction). This is specified in each of the images shown. The samples were prepared by 
removing individual 10 µm diameter fibres from the overall fibre weave and secured at either 
end to a sample mount with an adhesive. This allowed the fibre to remain in place without 
damaging the surface being analysed.  
The AFM has a specific advantage over the SEM in that the full depth profiles and pore 
topography can be analysed to a higher resolution. Consider the image demonstrated in 
Figure 5-5A. This image demonstrates the highly porous nature of the surface of the ACF, 
supporting the notion of the adsorption/desorption isotherm that most pores are located on the 
surface of the fibre. As well as this, consider the image in Figure 5-5B. This image 
demonstrates large slit pores in the longitudinal axis of the fibre. Both are taken from different 
areas of individual fibres, demonstrating the disparity of the pore regime.  
 
 
Figure 5-5 - 3D topography images of a Kynol ACF surface. The arrows in the image denote the direction of the 
longitudinal axis of the fibre.  
 
Further analysis using the step profile of Figure 5-5A can be seen in Figure 5-6, and for Figure 
5-5B in Figure 5-7. The step profile takes an average of the height profile over the whole 
image, allowing an estimate of the average pore width and depth to be obtained. Individual 
analysis can be seen in the captions for each Figure. Further AFM imagery can be seen in 
Figure 5-8, and analyses of these images in Figure 5-9 and Figure 5-10 respectively. All of 
these demonstrate the highly porous nature of the surface of the ACF, where pores in the 
A B 
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meso to macro scale are clearly visible following the slit or cylindrical pore model. In the micro 
scale, surface pores can be seen in Figure 5-9 in the step view. Also, slit pores are readily 
observable on many of the topography images. This helps to build the PSD, as described in 
the next section. 
Figure 5-6 - Step profile of the 3D image seen in Figure 5-5A, where the longitudinal axis of the fibre passes through 
the page. The depth profile in this case demonstrates the axial curve of the fibre as well as several pores on the 
macro scale on the surface. The pore widths seen here are 75 nm and 244 nm respectively, putting them firmly in 
the macropore range. It can be seen in the 2D image that there are many different sized pores present on the 
surface, signifying that the Kynol ACF is not only hierarchically porous as the pore line model would suggest, but 
also contains parallel pores on the fibre surface.  
 
 
Figure 5-7 - Step profile of the 3D image seen in Figure 5-5B, where the longitudinal axis of the fibre passes through 
the page. This profile demonstrates macro scale slit pores that occur along the longitudinal axis of the fibre. This 
image does not demonstrate larger macro/meso pores on the surface, but rather a smoother surface than Figure 
5-6. This suggests that pore topology is not uniform across all parts of the fibre. 
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Figure 5-8 - Further 3D topography images of a Kynol ACF surface. The arrows in the image denote the direction 
of the longitudinal axis of the fibre. 
 
 
Figure 5-9 – The step profile of the 3D topography image in Figure 5-8A, where the longitudinal axis of the fibre 
passes through the page. This section of the fibre clearly demonstrates macro and meso pores on the surface of 
the fibre, within which many different micro pores can be seen. This again supports the idea that micro pores 
appear on the surface of the Kynol ACF between and also within the meso and the macro pores. The other 
parameter to note here is the pore depth, which appears to typically be identical to the widths of the pores also. 
This is observable in the other images of the Kynol ACF also.  
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Figure 5-10 – The step profile of the 3D topography image in Figure 5-8B, where the longitudinal axis of the fibre 
passes through the page. This image shows a pore with a width of approximately 350 nm with a large breadth 
greater than 1 μm. This again demonstrates the slit pores that fit within the macro pores on the surface of the fibre, 
suggesting that a sole pore line model is not the most accurate representation of the Kynol ACF, and multiple pore 
lines would be needed.  
 
5.2.1.3. Nitrogen Adsorption and determination of the Pore Size Distribution 
Nitrogen adsorption/desorption was carried out on a sample of the Kynol cloth, as described 
in Chapter 3 of this thesis. The adsorption/desorption isotherm generated from this is shown 
in Figure 5-11. This follows a typical type 1 isotherm, which signifies a microporous solid with 
limited retention of gas on adsorption (Sing 1982). This is due to the micropores being more 
or less directly on the surface of the fibre, thus desorption is not hindered by inner pores trying 
to desorb into pores closer to the surface. This shows that Kynol ACF fibres have a limited 
hierarchical pore structure.  
From the adsorption/desorption isotherm, many material properties can be calculated. Using 
the t-plot method the specific surface area of the Kynol fabric was calculated. This was carried 
out using the BELMaster software. The t-plot allows calculation of micro and mesoporous pore 
volumes and pore surface areas from the adsorption data. Using this method, a value of 
1734.3 m2/g of the specific surface area was calculated. This is in line with the specific surface 
area given by the manufacturer of 1500 m2/g (Kynol Europa GmbH 2012). The calculated t-
plot value for the pore surface area was used in the simulations presented in this chapter.  
 
200 
150 
100 
50 
0 
-50 
-100 
nm 100 200 300 400 500 600 700 800 900 nm 
Chapter 5: Simulations of the Electrochemical Transport in Electrochemical Double Layer 
Capacitors (EDLCs) 
Joshua Bates   155 
 
 
Figure 5-11 - The adsorption/desorption isotherm of nitrogen using a BELSORP-Max of Kynol ACF. The adsorption 
data is denoted by the hollow circle points, and the desorption data by the filled circles.  
 
The PSD was simulated from the Nitrogen adsorption/desorption isotherm using a GCMC 
method using the BELMaster software. This method is detailed in appendix A.2.3. Following 
the slit pore model, the PSD in Figure 5-5 was generated. This shows two main peaks – one 
at ~0.65 nm and another at ~12 nm. This PSD shows a full specific pore volume of 0.6261 
cm3/g. This is in line with the specific pore volume given in the manufacturer’s specification of 
0.63 cm3/g. The calculated value was used in the simulations.  
SEM observations showed that on the macro scale, the pore shapes followed the cylindrical 
pore model (as seen in section 5.2.1.2). It was therefore decided that the PSD was to be built 
from two different versions – one from the slit pore model and one from the cylindrical pore 
model. However, applying the cylindrical pore model to the adsorption isotherm gave a PSD 
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with no peaks at the macropore scale. Using an incorrect pore model that does not accurately 
reflect the true pore structure gives an incorrect and unreliable PSD. There are ways around 
this, such as the mixed geometry model in which a PSD is calculated using different pore 
geometries simultaneously (Toso et al. 2013). However, this method is unavailable in the 
BELMaster software.  
 
 
Figure 5-12 - PSD of the Kynol 507-15 ACF generated using the BELMaster software. This is expressed in pore 
volume using the slit pore model, where Vp is the pore volume (cm3/g). 
 
The SEM imagery in Figure 5-3 clearly shows round pore geometries closely resembling a 
cylinder. However, AFM analysis demonstrated that the pores do not penetrate deeply into 
the fibre, an observation which is supported by the adsorption/desorption isotherm shape in 
this section. Therefore, it can be concluded that these pores more closely resemble the 
spherical pore model instead of the infinitely long cylindrical pore model. This is due to the 
limited size of the pores within the depths of the fibres. However, the spherical pore model is 
not available for calculation of the PSD in the BELMaster Software. Therefore, the PSD used 
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in the model here will be that of the slit pore model demonstrated in Figure 5-12. This PSD is 
accurate for the micropores which follow the slit pore geometry more closely, which provide 
the largest pore surface area and volume. These parameters have the larger effect on the 
performance of the corresponding supercapacitor, therefore this was determined to be an 
accurate representation of the PSD of the Kynol ACF 507-15.  
The PSD shown here contains a series of values of pore volumes at specific pore widths. This 
incorporates approximately 150 data points, or rather 150 different pore sizes. As discussed 
in previous sections, this will be incorporated into the model as a closer representation of the 
pore structure of the material. The method for the incorporation of the PSD is detailed in 
section 5.3.1. This many data points may prove computationally demanding for the simulation, 
so a simplified version was used. An accurate representation of the PSD can be gained by 
simplifying the PSD down to fewer data points based on the peaks that appear in the PSD. 
The PSD in Figure 5-12 was simplified down from 150 data points to 12, with the peaks 
incorporated still representing the full PSD. This is demonstrated in Figure 5-13. In Figure 5-14 
a cumulative version of this PSD is presented. This demonstrates that the total pore volume 
at each pore size is equivalent in the simplified input version of the PSD to the full version of 
the PSD. This justifies use of the discrete PSD with fewer pore sizes.  
 
 
Figure 5-13 - A comparison between the full experimentally determined PSD of the ACF Kynol 507-15, and the 
simplified 12-point PSD utilised in the model. This simplified version still accurately represents the full PSD of the 
sample with a reduced total computing time. A comparison between the effects of both versions of the PSD can be 
seen in section 5.3.1. 
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Figure 5-14 - A comparison between the cumulative experimentally generated PSD and the simulation input PSD 
used in the supercapacitor model C1 configuration. This shows that at each pore size the pore volumes are 
equivalent. This justifies the use of the simplified PSD as the volumetric effects of the micropores will be equivalent 
in the two versions. 
 
5.2.2. Activated carbon (AC) coating  
5.2.2.1. Introduction 
AC and many of its properties have been described in Chapter 2 of this thesis. Two EDLC 
configurations (C2 and C3) presented in this chapter utilise AC coating electrodes with 
different electrolyte configurations. The experimental data used as validation of these EDLC 
simulations was taken from (Markoulidis 2014), which presents data gathered in the group 
prior to the start of this project. The electrode coating material utilised in these configurations 
is from Sigma Aldrich with an average particle size of 90 µm. The AC powder material was 
mixed in a 90:10 wt% slurry with a PVDF binder and coated onto an aluminium/carbon black 
(Al4C3) whisker foil. The electrodes were cut to 2 cm2 and assembled with a paper separator 
(Markoulidis 2014). This section will present the material characterisation of the AC coating 
carried out as part of this project.  
 
5.2.2.2. SEM and AFM imagery of AC coating 
The AC coatings were characterised in an identical manner as the ACF material as described 
in section 5.2.1.2. This is useful to see as the inherent pore structures in the materials may 
differ between the fibrous structure of the ACF and the powder structure of the AC. SEM 
imagery of the AC coating in the macro scale can be seen in Figure 5-15. The pore structure 
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in this scale more closely follows the spherical or cylindrical pore model, in which an inter-
particle macropore feeds the rest of the meso and micro pores in the pore structure. The 
particulate nature of the AC coating means that these macro pores in the region of 20-50 μm 
are present between both the particles and the particle aggregates. Some surface 
contaminants can also be seen, which are likely due to aggregation of impurities. This will be 
discussed further later.  
Figure 5-16 shows images of the AC coating filtered to a binary image in MATLAB. Taking the 
2D image of this, a void volume fraction of 73% was calculated. This is in line with the void 
volume fraction of other ACs seen in the literature (Sahapatsombut et al. 2013b). This value 
was used as a representation of an overall macropore in the simulations, which represented 
the inter-particle and inter-particle aggregate spacing.  
Figure 5-17 and Figure 5-18 demonstrate SEM imagery of the pores in the meso and micro 
scale respectively. These show that at the meso scale, the spherical and cylindrical pore 
models are also valid. These pores directly penetrate the particles, and smaller micropores 
are visible on the pore walls of these meso pores. In the micro scale, the sheet structure of 
the pores is more closely represented by the slit pore model. This supports the idea that pores 
of different sizes are interconnected, and the pore line model is a valid structure for this model.  
 
 
Figure 5-15 - SEM images at 160x magnification show the macro scale structure of the AC coating.  
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Figure 5-16 - This Figure demonstrates the filtered macro scale images of the AC coating.  
 
 
Figure 5-17 - SEM imagery of the AC coating showing surface pores in the meso scale. In the image on the right 
the slit pores in the micro scale in the surface are fed by a larger macro pore within the powder, reinforcing the 
validity of the pore line model (as defined in chapter 4) for this sample.  
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Figure 5-18 – SEM imagery of the AC coating showing the surface pores in the micro scale. In this, the sheet 
structure can be clearly seen showing the stacking of the pores.  
 
Along with the SEM shown here, the pore topography was further analysed using AFM. In the 
AC coating sample, this allows for further validation of the pore topography through analysis 
of the pore density and number, as well as the pore structure. 3D topography images of the 
AC coating can be seen in Figure 5-19, and the analyses can be seen in Figure 5-20-Figure 
5-23. The analysis of these data helps to suggest a highly porous surface area exists on the 
AC coating, within which pores of all different scales are observed. The hierarchical pore 
structure seen goes towards validating the use of the pore line model to describe the AC in 
the model used here. Figure 5-20 and Figure 5-21 demonstrates the analysis of a macropore 
of size 410 nm where slit pores are observed within it in the meso and micro scale, which 
validates the pore line model further.  
 
 
Figure 5-19 – 3D topography images of the AC coating.  
 
B A 
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Figure 5-20 - The step view of the image shown in Figure 5-19A. Slit pores can also be observed directly on the 
surface of the AFM image, suggesting micropores are readily accessible from the macropore also.  
 
 
Figure 5-21 – This image demonstrates a section view of the topography image seen in Figure 5-19A. the section 
taken is within the longitudinal axis of the large macropore present on the surface of the electrode. Within this, 
mesopores of various sizes can be seen on the surface.  
 
Figure 5-22 and Figure 5-23 show closer analysis of the 3D image of the AC coating surface 
seen in Figure 5-19B. This section of the sample is observed to be highly porous with a high 
surface area. Based on the step view, which is an average over the area being scanned, there 
are several different scale mesopores present within large macropores on the surface. Figure 
5-23 shows a small section of one of the raised particulates, as demonstrated in the image. 
This image clearly shows a highly porous surface on the raised area also, suggesting meso 
an micropores are present both inside and outside the macro pores. This supports the idea of 
modelling the material with multiple pore lines.  
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Figure 5-22 – This image demonstrates the step view of the 3D topography of the image seen in Figure 5-19B. It 
is also important to consider the surface of the particle more directly. This is considered in Figure 5-23. 
 
 
Figure 5-23 – This is the section view of the surface of the 3D topography image seen in Figure 5-19B.  
 
Figure 5-24 demonstrates further AC coating samples gained using the AFM, with further 
image analysis seen in Figure 5-25 and Figure 5-26. All of the analysis of this material allows 
the conclusion to be that the coating material can be modelled in an identical manner to the 
Kynol ACF, where a macropore reservoir feeds multiple pore lines on the surface of the 
sample.  
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Figure 5-24 - Further 3D topography images of the AC coating. 
 
 
Figure 5-25 - This is the section view of the image seen in Figure 5-24A. This demonstrates again that deep 
mesopores can be observed within the large macropores on the surface of the particle.  
 
 
Figure 5-26 – This demonstrates the step view of the AFM image seen in Figure 5-24B. This section of the particle 
is again demonstrated to be highly porous across the whole surface area of the particle, both within and outside of 
the macropore.  
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5.2.2.3. Nitrogen adsorption and determination of the Pore Size Distribution  
The adsorption/desorption of nitrogen was carried out on the AC coating sample under 
identical circumstances as the Kynol ACF sample. The nitrogen adsorption/desorption 
isotherm is seen in Figure 5-27. This is a type 3 isotherm, which signifies a hierarchically 
porous solid with accessible micropores (Sing 1982). This, coupled with the SEM imagery of 
the AC coating, implies that the pore line model is a valid model for the AC coating sample.  
 
 
Figure 5-27 – The nitrogen adsorption/desorption isotherm of the AC coating sample. This was generated from the 
experimental data using the BELMaster software.  
 
From the isotherm in Figure 5-27, the PSD was calculated using the BELMaster software 
using the slit pore model for the micropores. The full PSD is shown in Figure 5-28, along with 
the simplified discretised version of 13 pore sizes that is utilised in the simulations. This micro 
PSD is incorporated along with a macropore of a macro-porosity of approximately 0.73, as 
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detailed in Figure 5-16. This is a valid model as the surface macropores on the powder coating 
are required to feed the remaining pores within the powder.  
 
 
Figure 5-28 - The micro-meso pore size distribution of an AC coating calculated from nitrogen 
adsorption/desorption data using GCMC and the BELMaster Software. This also demonstrates the simplified PSD 
of 13 points taken to represent the full PSD in the AC supercapacitor model.  
 
 
Figure 5-29 - The cumulative micro-meso pore size distribution of an AC coating taken from Figure 5-17. The 
cumulative pore sizes in both the experimentally determined PSD and the simplified version are similar which helps 
to demonstrate that the simplified version is a valid assumption to make.  
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5.3. Results of the simulated galvanostatic charge/discharge of a 
symmetric supercapacitor of Kynol ACF 507-15 electrodes 
5.3.1. Introduction 
In this section, the results of the simulated galvanostatic charge/discharge (GCD) of a 
supercapacitor incorporating the PSD of the Kynol ACF 507-15 are presented. Two different 
pore structure models, the pore line model (parallel pore lines fed by the macropore reservoir) 
and the parallel pore model (micropores fed directly by the macropore reservoir) are 
presented. Different GCD currents have been inputted for different GCD simulations, and the 
results are validated against experimental data from (Markoulidis 2014).  
 
5.3.2. Model of multiple pore lines – Input data summary 
This section will present all of the input properties and parameters used in this model. Several 
of these parameters were derived as detailed in Chapter 4 of this thesis, however many are 
known or were taken from external sources. These are summarised in Table 5-1. The 
adjustment factors 𝑎𝑑𝑗 and 𝑘𝑑 are applied to the volumetric transfer current density and the 
effective electrolyte conductivity respectively. These are fitted to the given experimental data 
for this configuration.  
 
Table 5-1 - The summary of the input used in the simulation for the EDLC configuration C1. 
Symbol Description  Value Units Reference 
𝜎1 Conductivity of the solid electrode 3.52 S/m (Huang 2017) 
𝑖0 Charge/discharge current density Various 
(see section 
5.3.3.1) 
A/m2 (Fields et al. 
2016) 
𝐿𝑘 Thickness of the Kynol ACF 0.5 mm (Kynol Europa 
GmbH 2012) 
𝑤𝑘 Specific weight of the Kynol ACF 120.5 g/m
2 (Kynol Europa 
GmbH 2012) 
𝑆𝐴𝑘 Specific surface area of the Kynol 
ACF 
1500 m2/g (Kynol Europa 
GmbH 2012) 
𝑅𝑐1 Contact resistance of the electrode 
and the current collector 
0.055 Ω Calculated 
𝑧± The charge value on the anion/cation 1 - - 
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𝑟𝑠+ The ionic radius of the solvated 
cation  
1.10x10-9 m (Markoulidis 
2014) 
𝑟+ The ionic radius of the un-solvated 
cation 
0.67x10-9 m (Markoulidis 
2014) 
𝑟𝑠− The ionic radius of the solvated anion 1.16x10
-9 m (Markoulidis 
2014) 
𝑟− The ionic radius of the un-solvated 
anion 
0.46x10-9 m (Markoulidis 
2014) 
𝑎𝑑𝑖𝑠𝑠 The dissociation coefficient of 1 M 
TEABF4 in AN 
0.88 - Calculated to 
match 
experimental 
conductivity 
𝜇𝐴𝑁 Viscosity of AN 0.33x10
-3 Pa s (DDBST n.d.) 
𝑐0 Initial concentration of the salt 1500 Mol/m
3 (Fields et al. 
2016) 
𝑎𝑑𝑗 Adjustment factor for volumetric 
transfer current density 
1.8 - Fitted 
𝑘𝑑 Adjustment factor for electrolyte 
conductivity  
0.55 - Fitted 
 
Several effective parameters are defined based on the pore line, meaning they will have a 
different value in each successive pore size. The porosity (𝜀) is calculated by dividing the 
volume of each pore by the volume of the electrode, as demonstrated in Chapter 4. The 
porosity in the electrode does not change on cycling. The porosity is used to define the 
effective diffusion coefficients, the effective electrolyte conductivity, and the effective electrode 
conductivity in the pore line. The diffusion coefficients are calculated using Equation 4-9 for 
both ions, and the effective diffusion coefficients using Equation 4-12. The electrolyte 
conductivity is calculated for each ion using Equation 4-14, and the effective conductivity for 
each pore size using Equation 4-16. The values for the porosity and effective values in each 
pore size are given in Table 5-2. These therefore apply throughout the model at each individual 
node. 
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Table 5-2 – The calculated porosity values and the effective properties for both species determined from it.  
Pore width 
(nm) 
𝜺 𝑫+,𝒆𝒇𝒇 
(m2/s) 
𝑫−,𝒆𝒇𝒇 
(m2/s) 
𝒌+,𝒆𝒇𝒇 
(S/m) 
𝒌−,𝒆𝒇𝒇 
(S/m) 
𝝈𝟏,𝒆𝒇𝒇  
(S/m)  
1000 0.653 8.91x10-9 8.91x10-9 13.047 13.047 19.09 
119.66 9.64x10-5 1.60x10-14 1.60x10-14 9.29x10-9 9.29x10-9 93.44 
12.304 2.41x10-4 6.32x10-14 6.32x10-14 8.90x10-10 8.90x10-10 93.42 
3.2675 0.0024 2.00x10-12 2.00x10-12 8.90x10-7 8.90x10-7 93.11 
1.6989 0.0216 5.39x10-11 5.39x10-11 6.49x10-4 6.49x10-4 90.43 
1.51 0.0145 2.95x10-11 2.95x10-11 1.94x10-4 1.94x10-4 91.42 
1.31 0.0253 6.79x10-11 6.79x10-11 1.03x10-3 1.03x10-3 89.93 
1.06 0.0178 4.02x10-11 4.02x10-11 3.61x10-4 3.61x10-4 90.96 
0.91 0.0060 7.89x10-12 7.89x10-12 1.39x10-5 1.39x10-5 92.61 
0.785 0.0096 1.60x10-11 1.60x10-11 5.70x10-5 5.70x10-5 92.10 
0.635 0.0289 0 8.30x10-11 0 1.95x10-3 89.43 
0.57565 0.0125 0 2.37x10-11 0 1.58x10-4 91.70 
0.46 0.0120 0 2.23x10-11 0 8.18x10-5 91.77 
 
As detailed in Chapter 4 of this thesis, the cross-sectional area of the pore is calculated. This 
is calculated by modelling the macro-sized pores as cylindrical, and the micro-sized pores as 
slits. The macro pores therefore have a circular cross section, and the micropores have a 
square cross section. The individual specific pore volumes and the specific cross-sectional 
areas are presented in Table 5-3.  
 
Table 5-3 - The values for the specific pore volumes and pore cross sectional areas. The macropores are pores in 
which the width is greater than 50 nm. 
Pore width (nm) Specific pore volume 
(m3/kg) 
Specific pore cross 
sectional area (m2/kg) 
1000 2.71x10-3 4.07x10-9 
119.66 4.00x10-7 2.33x10-10 
12.304 1.00x10-6 3.14x10-12 
3.2675 1.00x10-5 2.22x10-13 
1.6989 9.00x10-5 5.99x10-14 
1.51 6.02x10-5 4.73x10-14 
1.31 1.05x10-4 3.56x10-14 
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1.06 7.40x10-5 2.33x10-14 
0.91 2.50x10-5 1.72x10-14 
0.785 4.00x10-5 1.28x10-14 
0.635 1.20x10-4 8.37x10-15 
0.57565 5.20x10-5 6.87x10-15 
0.46 5.00x10-5 4.39x10-15 
 
An important consideration in the simulation is considering the number of nodes required in 
the mesh which give optimal results. In a time-implicit solver, increasing the number of nodes 
(and thus reducing the value of 𝑑𝑥) does not affect the convergence of the system. However, 
in an algorithm consisting of several equations forming a complex system, changing the value 
of 𝑑𝑥 may affect the overall stability. Increasing the number of nodes would improve the overall 
accuracy of the system, however there is a trade off with efficiency. An investigation was 
carried out to see the number of nodes required for the system to converge. This was done 
using the C1 cell configuration at a current density of 25 mA/cm2 in which simulations were 
carried out with a different number of nodes and the predicted GCD cycle time was recorded 
for each simulation. The results of this can be seen in Figure 5-30. 
 
 
Figure 5-30 – The results of the refinement study for mesh size. 
 
At around 200 nodes the cycle time successfully converged, and the use of more nodes 
beyond this is unnecessary. It can be seen that there is a small amount of deviation beyond 
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200 nodes, however the computing time beyond this level became unsustainable.  Beyond 
this point any additional nodes do not improve the final accuracy and just increase the overall 
computing time. Therefore, a value of 201 nodes will be used for each electrode for each of 
the models considered in this this chapter. This model makes the following assumptions: 
• The electrolyte floods all pores in the electrode. 
• The initial concentration of the electrolyte is uniform in all pores accessible to the 
solvated ions.  
• The ions occupying the pores in each electrode are that of the opposite charge to the 
electrode and are assumed to be the only species occupying those pores for the 
purposes of mass transport. 
• There are no redox reactions occurring in the EDLC cell.  
• The GCD process in the supercapacitor is isothermal. 
 
5.3.3. Results of the simulation for multiple pore lines 
5.3.3.1. Charge/discharge cycle results 
The simulation results are validated against experimental data of cells with configuration C1 
reported in Fields et al. (2016). This presented a symmetric supercapacitor assembled with 
two Kynol ACF 507-15 electrodes, separated with a cellulose based NKK TF4060 separator. 
The electrolyte was a 1.5 M TEABF4 in acetonitrile. The current collectors were aluminium foil 
with embedded Al4C3 whiskers holding a carbon black layer, a modification which lowers the 
contact resistance between the electrode and the current collector (Fields et al. 2016). 
Therefore, the ion mass transport simulated in this cell configuration is the tetra ethyl 
ammonium (TEA+) ion in the anode, and the boroflourate (BF4-) ion in the cathode.  
In Fields et al. (2016), this supercapacitor was cycled at four different current densities: 2.5, 
5, 25, and 50 mA/cm2. These current densities were inputted into the algorithm and the 
experimental data used to validate the simulation results. A comparison between the simulated 
cycling at these current densities and the experimental results can be seen in Figure 5-31. 
It can be seen that while the charge and discharge predictions are approximately straight lines 
as expected, this is not the case in the experimental data. Curves in the experimental result 
are particularly pronounced in the results for the lower current densities of 2.5 mA/cm2 and 5 
mA/cm2. The curve in the line can likely be attributed to the presence of undesired redox 
reactions within the cell, which are not considered in the simulation. This will be discussed 
further later. The calculated areal capacitance of this supercapacitor is 0.96 F/cm2. 
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The results demonstrate good coherence of the cycling activity of the cell with the experimental 
data, with increasing deviation from the experimental data with lower current densities. Direct 
comparisons between the separate charging and discharging profiles can be seen in Figure 
5-32 and Figure 5-33 respectively. In charge, the error in the time taken to reach the peak 
value was calculated to be approximately 20% for 2.5 mA/cm2, whilst the error for the 50 
mA/cm2 peak was only 11%. On discharge the error for the final time in the 2.5 mA/cm2 data 
set was found to be 17%, and for 50 mA/cm2 was shown to be 15%. This demonstrates greater 
consistency in the experimental and simulated current densities on discharge at the higher 
currents.  
 
 
Figure 5-31 - The plot of the comparison between the simulated and experimental cycling of a symmetric 
supercapacitor with ACF kynol 507-15 electrodes with a 1.5 M TEABF4 in AN electrolyte. The experimental data 
is taken from (Fields et al. 2016). 
 
All input parameters in the simulation are identical at the different current densities presented 
here bar the current density. Changing the current density gives the expected trend within the 
prediction, therefore supporting the validation of the model within the simulated current 
densities and demonstrating that the model is effective at predicting the cell activity. As 
demonstrated in Figure 5-32 and Figure 5-33, the simulated cell activity agrees more closely 
on the discharge than in the charge regions. The main differences between the two regimes 
in the model are the initial conditions, as the final conditions of the charge feed directly in to 
the discharge regime. This suggests that the uniformity of the initial conditions may not be 
accurate to simulate the activity of the cell.  
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To eliminate this discrepancy, further cycles could be simulated beginning from the final 
conditions at the end of the first discharge. The first cycle having a higher than expected 
capacity is also seen in experimental data, and as such the experimental GCD data used for 
the validation is taken from the third GCD cycle of the cell. This further suggests that the initial 
conditions may be a cause of this discrepancy.  
 
 
Figure 5-32 - The comparison of experimental and simulated charge of cell configuration C1. The experimental 
data is taken from Fields et al. (2016). 
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Figure 5-33 - The comparison of experimental and simulated discharge of cell configuration C1. The experimental 
data is taken from Fields et al. (2016). 
 
5.3.3.2. The effect of ion size and type on the electrode and electrolyte potential 
profiles 
As the charge in the supercapacitor builds up from ions forming the EDL, it is of interest to 
understand how the charge builds up in the two different electrodes and the effect the ion size 
has in a symmetric cell. The profiles of the potential in the electrolyte pores in the anode are 
presented in Figure 5-34 for charge and Figure 5-35 for discharge. The change in potential on 
cycling in the cathode is presented in Figure 5-36 and Figure 5-37. In these profiles, node 1 is 
at the separator boundary with the electrode, whilst the maximum node value is at the current 
collector side of the anode or cathode (depending on the electrode being solved for). The 
anodic profiles displayed are a result of the ion mass transport of the TEA+ ion, and the 
cathodic profiles are result of the ion mass transport of the BF4- ion. In this, and in all of the 
diagrams given, ‘node,’ refers to the spatial domain within which the equations are solved in 
one dimension, and the point at which the pore lines exist.  
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Figure 5-34 - The depth profiles of the potential in the electrolyte in the anode pores at different stages of charge. 
 
 
Figure 5-35 - The depth profiles of the potential in the electrolyte in the anode pores at different stages of discharge.  
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Figure 5-36 – The depth profiles of the potential in the electrolyte in the cathode pores at different stages of charge.  
 
 
Figure 5-37 - The depth profiles of the potential in the electrolyte in the cathode pores at different stages of 
discharge.  
 
This demonstrates that the boroflorate anion (BF4-) reaches a higher potential faster in the 
cathode than the TEA+ cation in the anode. This could be attributed its faster diffusion and 
motion in the pores due to its smaller size (relative to the TEA+ ion). This smaller size also 
allows for a higher rate of flux in the pores, which induces a higher rate of voltage growth. The 
BF4- ion is also able to access the smallest pore sizes, 0.64 and 0.57 nm. This is due to the 
Chapter 5: Simulations of the Electrochemical Transport in Electrochemical Double Layer 
Capacitors (EDLCs) 
Joshua Bates   177 
 
availability of the unsolvated ion in the formation of the EDL. These results will be discussed 
further later.  
 
5.3.3.3. The effect of pore size on the anion (BF4-) concentration profiles 
As discussed, the concentration profile simulated is considered to be the concentration in the 
electrolyte diffuse layer. It is hypothesised that during the charging phase this electrolyte 
concentration increases throughout all pore lines in the mircopores to reflect the formation of 
the EDL. To investigate this, the concentration profiles in the different pore sizes are displayed 
at different stages of charge and discharge. The anion concentration profiles in each of the 12 
different pore sizes on charge are presented in Figure 5-38 and on discharge in Figure 5-39. 
This is exclusively for the lowest current density value (2.5 mA/cm2) 
 
 
Figure 5-38 – The mean change in anion concentration in the different micropores during charge for a current 
density of 2.5 mA/cm2. 
 
The profiles displayed in Figure 5-38 and Figure 5-39 show an increase in the concentration 
within the pores at different rates for all pore sizes on charge, and the reverse on discharge. 
This is expected to be the case as there is considered to be a flux term within each pore, as 
well as diffusion from the larger pores down into the micropores.  
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Figure 5-39 – The mean change in anion concentration in the different micropores during discharge for a current 
density of 2.5 mA/cm2. 
 
As well as this, it is important to see the mass transport within the large macropore. The mass 
transport here is expected to be toward the current collector as per the formation of the EDL. 
The change in anion concentration profile on charge in Figure 5-40 and discharge is displayed 
in Figure 5-41. 
It can be interpreted from these results that, as predicted, the anion transport is able to occur 
from within the macropore towards the current collector, and the bulk concentration is able to 
transport at each x position in the electrode thickness into the meso and micropores on charge. 
The demonstration of this is given in Figure 8-1. On discharge, the concentration in the 
macropore at the current collector decreases rapidly. Also, the ion concentration in the meso 
and micropores decreases down to near the levels of the initial conditions. These results will 
be discussed further in section 5.3.4. 
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Figure 5-40 - The change in the anion concentration profile in the large macropore during different stages of charge 
for a current density of 2.5 mA/cm2. 
 
 
Figure 5-41 - The change in anion concentration profile in the large macropore during different stages of discharge 
for a current density of 2.5 mA/cm2.  
 
5.3.3.4. The effect of pore size on the cation (TEA+) concentration profiles 
The cation transport in the pores of all different scales is hypothesised to have an identical 
trend to that of the anion, as discussed in section 5.3.3.3. This is however affected by the 
slower diffusion rate of the TEA+ ion, and also the pore accessibility. As discussed earlier, the 
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TEA+ cation has a larger un-solvated size that the BF4- ion and therefore cannot access the 
smallest micropores. Therefore, no concentration profiles exist for these pores. The average 
change in cation concentration in the pore lines for all x positions is seen on charge in Figure 
5-42, and on discharge in Figure 5-43. The profile on charge in the macropore seen in Figure 
5-44, and on discharge in Figure 5-45.  
These profiles demonstrate that the TEA+ ion concentration is at the peak lower than that of 
the BF4- ion and is also lower than average throughout charge and discharge. This is reflected 
in the result for the contribution of the cell potential from each electrode. These results will be 
discussed further in section 5.3.4. 
 
 
Figure 5-42 - The mean change in cation concentration in the different micropores during charge for a current 
density of 2.5 mA/cm2. 
Chapter 5: Simulations of the Electrochemical Transport in Electrochemical Double Layer 
Capacitors (EDLCs) 
Joshua Bates   181 
 
 
Figure 5-43 – The mean change in cation concentration in the different micropores during discharge for a current 
density of 2.5 mA/cm2. 
 
 
Figure 5-44 - The change in the cation concentration profile in the large macropore during different stages of charge 
for a current density of 2.5 mA/cm2. 
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Figure 5-45 - The change in cation concentration profile in the large macropore during different stages of discharge 
for a current density of 2.5 mA/cm2 
 
5.3.3.5. The effect of pore size on the volumetric transfer current density 
The current density is solved for from the change in volumetric current density, as described 
in Chapter 4 of this thesis. This is driven by the change in concentration within each pore, and 
then summed based on the weighting of each pore. To expand this, it is useful to see the effect 
of the individual pore sizes on this parameter. As discussed previously, it has been determined 
that an optimal pore size for a capacitor electrode is typically one that matches that of the size 
of the ion forming the EDL. Therefore, it can be hypothesised that different pore sizes in each 
electrode will contribute the most to the capacitance. The results of this for charge can be 
seen in Figure 5-46, and for discharge in Figure 5-47. These results are the volumetric charge 
transfer for the supercapacitor configuration C1 at a current density of 2.5 mA/cm2. 
Within each of these graphs, the volumetric charge transfer is weighted by the 𝐴𝑝 term as 
discussed previously. This means any differences between the anode and cathode are down 
to the mass transport of the different ions. It can be seen that for both the anode and cathode 
that the macropore contributes a similar amount to the charge transfer on both charge and 
discharge. However, the cathode contributes approximately double the overall charge transfer 
throughout both charge and discharge. This is supported by the results for the potential seen 
in section 5.3.3.2.  
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Figure 5-46 - The comparison between the weighted volumetric transfer current density within the pore sizes on 
charge for cell configuration C1. The left column are the values in the anode at the given SoC values, and the right 
column are the corresponding values for the cathode.  
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Figure 5-47 - The comparison between the weighted volumetric transfer current density within the pore sizes on 
discharge for cell configuration C1. The left column are the values in the anode at the given SoD values, and the 
right column are the corresponding values for the cathode. 
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Something else to note is the fact that for all pores of the same size, they all contribute equally 
to the charge transfer in each node of their respective electrodes. However, the 1.31 nm pore 
contributes most to the capacitance in the anode and the 0.635 nm pore contributes most in 
the cathode. These are reflective of approximately double the ionic radii of the un-solvated 
ions present in the respective electrodes (see Table 5-1). These results will be discussed 
further in section 5.3.4. 
 
5.3.4. Model of multiple pore lines results discussion 
Based on the results presented in this section, the model utilising multiple pore lines fed by a 
large macropore reservoir is a clear and accurate way to simulate the activity of the 
configuration of this supercapacitor. On the macro scale, the final cycling time for the series 
of current densities presented here is closely represented by the simulations. However, as the 
current density decreases the deviation from the total cycle time increases leading to a total 
error of approximately 15%. This could be down to several factors. At lower current densities, 
mass transport slows considerably and there is more time for redox reactions to occur in the 
experimental cell. This would reduce the overall capacitance of the supercapacitor, especially 
after several cycles. As the experimental data is taken from the 3rd GCD cycle, this is a likely 
cause of the error.  
Analysis of these experimental cells is seen in Markoulidis (2014), where CVs were carried 
out on the cell configuration C1. In this, the CV results demonstrate no peak or nose, 
suggesting that no redox reactions are occurring in the experimental cell (Markoulidis 2014). 
This means that the discrepancy at the lower current densities is likely caused by other 
features. Another cause of the increasing deviation with decreasing current density could be 
that the slow mass transport is not well represented by the macro-scale diffusion equation in 
the micro pores. When the pore size is very small, molecular scale diffusion comes in to play 
and the macro scale equations lose validity. It is possible that additional interactions between 
the ion and the pore wall for both ions may accelerate the mass transport, and hence 
accelerate the EDL formation. This may cause the predicted cycle time to be larger when this 
is not considered in the simulation.   
With regards to the potentials in the anode and the cathode, it is clear that the cathode 
contributes far more to the overall potential of the capacitor than the anode. In reality, due to 
the electrode symmetry, this should be equal or almost equal. The difference has been put 
down to the overall size of the TEA+ and BF4- ions. Whilst both have the same charge value, 
the BF4- ion is smaller and is able to diffuse faster and contribute to the flux at a greater rate. 
In a true cell, an ion with a faster diffusion coefficient builds up potential at a greater rate than 
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the slower ion, however this reaches a plateau. The potential in the other electrode then 
continues to increase at a slower rate until both electrodes contribute equally to the potential 
in the cell. This is because of the identical properties of the symmetric electrodes.  
There are several possible reasons for this discrepancy. In the simulation, only mass transport 
of the one ion type is considered within each respective electrode. However, in an 
experimental cell, the ions of both charges will occupy all pores (in particular prior to cycling) 
in both electrodes. In this case, the small BF4- ions may be retained in the anode in smaller 
pores if they are blocked from diffusing out of the electrode pores by the larger TEA+ ions. 
This prevents them from contributing to the potential from the cathode. This means that a true 
representation of the potentials in the electrodes may be that they are more equal to each 
other than the ratio presented here.  
The overall trends in the potential in the electrolyte and the electrode demonstrate a build-up 
of the potential in the electrolyte closest to the current collector, which is down to the mass 
transport of the ions in this direction. However, the bulk concentration follows the expected 
trend in which the concentration increased within each pore on charge and decreased at a 
similar rate on discharge. This could be down to two factors – the flux within the pores and 
diffusion of the species from pores of other sizes. It is also interesting to see how the 
concentration changes within the pores at different scales, where the smaller sized micropores 
have a larger increase in concentration on charge than the other pore sizes. This may be down 
to the weighted flux term having the largest effect here as the pores have both a large specific 
surface area and a large specific volume. It can also be observed that the trend of the change 
in concentration is almost uniform in all pore sizes, bar the small discrepancies discussed 
previously. This suggests that these factors (the weighted volume and pore area) do not have 
a significant effect on the pore flux in the micropores. This will be discussed further later.  
As specified previously, a true electrode will reach a potential plateau if the diffusion coefficient 
of the ion forming the EDL is higher than that of the counter ion in the other electrode. This is 
due to the concentration maxima in the cell, which is defined as the maximum concentration 
of the ion that can be dissolved in the electrolyte. This is not given in this model as the value 
is unknown. It is possible for this value to be determined experimentally and incorporated in 
future iterations of this model.   
From Figure 5-32, there is a curve at the beginning of the charge regime in the simulated result 
not seen in the experimental result. This curve is more pronounced in the lower current density 
results. Interestingly, the curve is not seen in the simulated discharge regime seen in Figure 
5-33, and a pronounced curve can be seen in the lower current density values causing a drop 
in the potential. The mass transport and other equations utilised are identical for both regimes, 
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only with opposing signs where applicable. This means that there is likely an issue with the 
initial conditions set at the start of the charge regime. This assumes uniformity of the 
concentration in all pores, as well as a weighted potential between all the pores. This is based 
on the porous electrode theory in which all pores are flooded with electrolyte. Experimentally 
this may not necessarily be the case, as the supercapacitor would need to be rested fully after 
assembly and prior to testing to ensure the pores are fully flooded. Assuming ideal initial and 
boundary conditions may therefore lead to these disparities.  
An issue with this model is the actual structure of the Kynol ACF. Based on the materials 
characterisation seen in section 5.2.1, the pore line model may not be an accurate 
representation of the pores in the Kynol ACF. This is because the material is demonstrated to 
have many different sized micro and meso pores on the surface of the fibres rather than pores 
imbedded within one another. This is also reflected by the shape of the adsorption/desorption 
isotherm. Therefore, a different version of the pore structure is proposed in an alternative 
model for this configuration in section 5.3.5.  
 
5.3.5. Parallel pore model description 
An alternative to the pore line model is the parallel pore model. This model involves the solving 
of the equation for mass transport as before, where each equation for each pore size at each 
x position through the electrode thickness represents parallel ion transport from the large 
macropore reservoir. The mass transport equation (Equation 4-2) does not consider the final 
two terms which correspond to the flux of neighbouring pores. In essence, all pore sizes are 
connected directly to the large macropore rather than through a hierarchy.  
The defining structure of this model is demonstrated in Figure 5-48. The structure of this model 
is such that at each node pores of different sizes occur attached directly to the macropore. As 
such, mass transport occurs directly between the macropore and pores of different sizes at 
the micropore scale without assuming that the mesopores act as a go-between.  
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Figure 5-48 – This demonstrates the overall structure of the parallel pore model at each x position solved for in the 
x axis. The species can diffuse between the pores of different sizes at each node in the same way as the pore line 
model using the same theory detailed in Chapter 4 of this thesis.  
 
The pore structure utilised in this version of the model was built from the SEM imagery taken 
of the Kynol ACF and the image processing software ImageJ. This has a find edges feature, 
which allowed determination of the absolute edge of the pore. Areas of a series of 10 
processed images were taken, within which the widths of 10 pores were measured at random. 
The pore sizes were then compared to the simplified PSD and categorised based on the range 
within which they fit, where the pore width (𝑑𝑝) range is determined by the pore width value 
and the next largest value. This was then used to gain an estimate of the specific number of 
pores per square metre within each range of pore sizes, and from the specific surface area of 
Kynol ACF a normalised value for the number of pores in each range is calculated. These 
values are displayed in Table 5-4. 
 
Table 5-4 – This demonstrates the calculated average specific number of pores observed in the processed images 
of the Kynol ACF.  
𝒅𝒑 range (nm) Average pores/m
2 Average pores/gram Normalised pores/gram 
119.66 3.19x1014 4.79x1017 0.05 
12.30 1.17x1015 1.75x1018 0.18 
3.27 6.31x1014 9.46x1017 0.10 
1.70 4.41x1014 6.61x1017 0.07 
1.51 2.23x1014 3.34x1017 0.03 
1.31 1.09x1014 1.64x1017 0.02 
1.06 5.36x1014 8.04x1017 0.08 
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0.91 1.54x1015 2.31x1018 0.24 
0.79 2.56x1014 3.83x1017 0.04 
0.64 4.38x1014 6.57x1017 0.07 
0.58 0 0 0 
0.46 7.18x1014 1.0x1018 0.11 
 
Within this, the typical pore structure is also observed. This involved manually measuring the 
pores within other larger sized pores in the processed images. Using this, a typical pore 
structure was built based on the average pore sizes that are observed to be connected to one 
another in this process. The tree of this structure is shown in Figure 5-49. However, several 
assumptions had to be made in this case. As the SEM resolution is approximately 1 nm, 
assumptions had to be made for several of the smallest pores in the structure. As per the 
adsorption/desorption isotherm in Figure 5-11, the micropores are readily accessible on the 
surface of the fibre. It was also observed that all the pores on the surface are located within 
larger macropores in the 119 nm range. Therefore, it is assumed that the smallest micropores 
appear directly on the surface of the pore as demonstrated in the structure in Figure 5-49. 
 
 
Figure 5-49 – The pore structure tree for the Kynol ACF determined for the parallel pore model, within which each 
pore size is defined in nm. The arrows show the direction of mass transport of the species on charge, and the 
reverse occurs on discharge.  
 
The structure was incorporated into the model by changing the flux terms within the species’ 
equations to reflect the pore structure seen. Also, the pore weighting was considered by 
multiplying the pore surface area (𝐴𝑝) with the weighting factor shown in Table 5-4 for each 
pore size. This more closely reflects the density of each pore size within the structure. All of 
the parameters defined in Table 5-1 also apply in this model so no additional definition is 
necessary.  
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5.3.6. Results of the simulation using a parallel pore model – 
Charge/discharge cycle results 
The pore structure demonstrated in this section was applied to the model as detailed above, 
and the results are presented in this section. The charge/discharge cycle of supercapacitor 
configuration C1 can be seen in Figure 5-50, the charging regime in Figure 5-51, and the 
discharge regime in Figure 5-52.  It can be seen from these results that the parallel pore model 
as shown in Figure 5-48 had little effect on the overall cycle time of the cell. The error and 
trends in this configuration are near identical to that of the pore line model. This suggests that 
both pore structures are valid, but also that the activity between different sized pores has little 
effect on the activity for this configuration. Much of the ion transport takes place in parallel in 
these pore sizes, and the data shows that this may have a negligible effect on the overall cell 
activity.  
 
 
Figure 5-50 – The comparison between the simulated and experimental cycling of supercapacitor configuration C1 
using the parallel pore structure. Experimental data is taken from (Fields et al. 2016). 
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Figure 5-51 – The comparison between the simulated and experimental charge regimes of supercapacitor 
configuration C1 using the parallel pore structure. Experimental data is taken from (Fields et al. 2016). 
 
 
Figure 5-52 - The comparison between the simulated and experimental discharge regimes of supercapacitor 
configuration C1 using the parallel pore structure. Experimental data is taken from (Fields et al. 2016). 
 
5.3.7. Parallel pore model results discussion 
As observable in this section, the parallel pore model is also a valid method of building a model 
for the simulated cycling activity of this configuration supercapacitor. The changes between 
the two pore structures seen here clearly have a negligible effect on the simulated activity of 
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the cell, meaning that both can be used to model the activity of this supercapacitor 
configuration. Although the small pores are more accessible in the parallel pore model than in 
the pore line model, they still have an identical effect on the volumetric current density and the 
overall cell potential. This means that the pores themselves still contribute to the overall 
capacitance of the capacitor regardless of the mass transport into them. 
The additional characterisation required for this method was a time-consuming process, as 
summarised in section 5.3.5. In this, there were also no pores seen in one of the smallest 
micropore ranges. The pore model building required many assumptions due to the resolution 
of the images available. With all of this being the case, it is difficult to justify the need for the 
parallel pore model if the pore line version is equally as valid. This has however demonstrated 
that both structures are valid for the Kynol ACF. 
For the charge/discharge cycling presented in section 5.3.6., it is clear that all of the same 
trends are observed in this model structure than the pore line model. This suggests that the 
curve seen at the beginning of charge in the lower current densities, which exacerbates the 
deviation from the experimental data for the cycling time, is not caused by the diffusion 
between the pores. This supports the idea that this deviation is caused by assuming the 
uniform initial conditions at the beginning of charge. All other results for all other variables in 
the cell, as presented as a part of the pore line model results in section 5.3.3, were identical 
to the previous pore configuration. The additional time required for the building of this pore 
configuration does not demonstrate a corresponding change in the model results or an 
improved accuracy. Therefore, the parallel pore model offers no advantage over the multiple 
pore line model.  
 
5.4. Simulated galvanostatic charge/discharge of a symmetric 
supercapacitor of Activated Carbon coating electrodes with a 
TEABF4 in acetonitrile electrolyte 
5.4.1. Introduction 
In this section, the results of the simulated cycling of supercapacitor configuration C2 are 
presented. This utilises the AC coating characterised in section 5.2.2, with an identical 
electrolyte to that of configuration C1 in section 5.3. Firstly, the data input to this simulation is 
presented. Then, the cycling data will be presented along with investigations into the effects 
of various parameters.  
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5.4.2. Model of multiple pore lines – Input data summary 
The pore line model structure applied to this configuration is identical to that of the model 
detailed in Chapter 4 of this thesis. This section will summarise the main parameters applied 
to this configuration of the model, which can be seen in Table 5-5. As the electrolyte is 
identical, the properties and parameters that apply to this (such as the solvated ionic radii) 
shown in Table 5-1 apply to this model also.  
 
Table 5-5 – Input data, properties, and parameters for the stimulation of the EDLC cell configuration C2. 
Symbol Description  Value Units Reference 
𝜎1 Conductivity of the solid electrode 10 S/m (Sahapatsombu
t et al. 2013b) 
𝑖0 Charge/discharge current density Various 
(see section 
5.3.3.1) 
A/m2 (Markoulidis 
2014) 
𝑤𝐴𝐶 Specific loading of the AC coating 52 g/m
2 (Markoulidis 
2014) 
𝑑𝐴𝐶 Density of AC 4x10
5 g/m3 (Johnson et al. 
1999) 
𝐿𝐴𝐶 Thickness of the AC coating 0.13 mm Calculated 
𝑆𝐴𝐴𝐶 Specific surface area of the AC 
coating  
216.47 m2/g Calculated 
𝑐0 Initial concentration of the salt 1500 mol/m
3 (Fields et al. 
2016) 
𝑎𝑑𝑗 Adjustment factor for volumetric 
transfer current density 
8.8 - Fitted 
𝑘𝑑 Adjustment factor for electrolyte 
conductivity  
0.6 - Fitted 
 
As discussed previously, there are a number of pore size dependent properties utilised in this 
model. The values for these, along with the values of the pore sizes, are shown in Table 5-6. 
It is important to note that the only one of these parameters that changes with time is the 
conductivity in the electrolyte, which is dependent on the ion concentration. Each of these are 
calculated using the same equations given for Table 5-2.  
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Table 5-6 – The pore size dependent parameters in cell configuration C2.  
Pore width 
(nm) 
𝜺 𝑫+,𝒆𝒇𝒇 
(m2/s) 
𝑫−,𝒆𝒇𝒇 
(m2/s) 
𝒌+,𝒆𝒇𝒇 
(S/m) 
𝒌−,𝒆𝒇𝒇 
(S/m) 
𝝈𝟏,𝒆𝒇𝒇  
(S/m)  
575 0.73 2.08x10-10 1.97x10-10 1.04 0.98 1.40 
13.39 0.051 1.05x10-11 9.97x10-12 1.01x10-3 9.52x10-4 9.24 
6.65 0.052 1.06x10-11 1.01x10-11 1.03x10-3 9.74x10-4 9.24 
2.55 0.028 4.22x10-12 4.00x10-12 1.62x10-4 1.53x10-4 9.59 
1.77 0.01 1.53x10-12 2.24x10-12 1.29x10-5 1.92x10-5 9.85 
1.41 0.021 4.68x10-12 6.83x10-12 1.20x10-4 1.78x10-4 9.68 
1.21 7.76x10-3 1.02x10-12 1.49x10-12 5.69x10-6 8.46x10-6 9.88 
0.91 1.28x10-3 6.79x10-14 9.91x10-14 2.53x10-8 3.76x10-8 9.98 
0.785 4.40x10-3 4.35x10-13 6.35x10-13 1.04x10-6 1.54x10-6 9.93 
0.685 0.014 2.59x10-12 3.77x10-12 3.67x10-5 5.45x10-5 9.78 
0.635 0.014 0 3.62x10-12 0 5.20x10-5 9.79 
0.573 4.24x10-3 0 6.00x10-13 0 1.43x10-6 9.94 
0.491 2.98x10-3 0 3.55x10-13 0 4.54x10-7 9.96 
 
The last of the pore dependent parameters utilised in this model are shown in Table 5-7. As 
discussed previously, the macro and meso pores are modelled as per the cylindrical pore 
model and the micropores as per the slit pore model. This is reflected in the calculation of their 
respective cross-sectional areas.  
 
Table 5-7 – The specific pore volume and specific pore cross sectional area utilised in cell configuration C2. 
Pore width (nm) Specific pore volume 
(m3/kg) 
Specific pore cross 
sectional area (m2/kg) 
575 9.36x10-4 2.59x10-13 
13.39 1.28x10-4 1.79x10-16 
6.65 1.29x10-4 4.42x10-17 
2.55 6.96x10-5 6.49x10-18 
1.77 2.55x10-5 3.15x10-18 
1.41 5.36x10-5 1.99x10-18 
1.21 1.94x10-5 1.46x10-18 
0.91 3.19x10-6 8.28x10-19 
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Pore width (nm) Specific pore volume 
(m3/kg) 
Specific pore cross 
sectional area (m2/kg) 
575 9.36x10-4 2.59x10-13 
13.39 1.28x10-4 1.79x10-16 
6.65 1.29x10-4 4.42x10-17 
0.785 1.10x10-5 6.1x10-19 
0.685 3.61x10-5 4.69x10-19 
0.635 3.51x10-5 4.03x10-19 
0.573 1.06x10-5 3.28x10-19 
0.491 7.46x10-6 2.41x10-19 
 
5.4.3. Results of the simulation for multiple pore lines 
5.4.3.1. Charge/discharge cycle results 
This section will present the results for the simulation of EDLC cell configuration C2. The 
model is validated by a direct comparison between the simulated charge/discharge cycle and 
the experimental data from Markoulidis (2014). The full cycles for the range of current densities 
can be seen in Figure 5-53. The individual charge and discharge regimes can be seen in 
Figure 5-54 and Figure 5-55 respectively. The calculated areal capacitance of this 
configuration was found to be 0.16 F/cm2. 
 
 
Figure 5-53 – The full cycle experimental validation of the supercapacitor model for cell configuration C2. 
Experimental data taken from Markoulidis (2014). 
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Figure 5-54 - The charging regime of the supercapacitor configuration C2 – experimental validation. Experimental 
data taken from (Markoulidis 2014). 
 
 
Figure 5-55 – The discharge regime of the supercapacitor configuration C2 – experimental validation. Experimental 
data taken from (Markoulidis 2014) 
 
It can be seen from Figure 5-53 that the agreement between the simulation and the 
experimental data increases with increasing current density in this case. This is the same trend 
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observed in the results for EDLC cell configuration C1 seen in section 5.3.3.1. This also shows 
that the current densities greater than the minimum value under predict the cycling time by 
approximately 40%, which is the opposite of the previous configuration. This trend can be put 
down to the different pore structures in the electrode materials between the two cell 
configurations. It is clear from Figure 5-53 that the charging/discharging curve at the slower 
currents demonstrates a much more noticeable curve than at the higher currents. This signifies 
that the lower current density is too low to drive mass transport within the pore structure, 
slowing the formation of the EDL. The model showing a greater agreement with this 
demonstrates that the pore line structure applies more closely to the structure of AC than the 
structure of the Kynol ACF, a conclusion supported by the nitrogen adsorption/desorption 
isotherms in this chapter. These results will be discussed further in section 5.4.4.  
Additionally, it is possible that the deviation is caused at low current densities by redox 
reactions taking place within the experimental cell. This once again is not considered within 
the simulation. This will be discussed further later.  
 
5.4.3.2. The effect of ion size on the electrode and electrolyte potential profiles 
As demonstrated by the pore size distribution in Figure 5-28, the AC pore sizes differ from that 
of the Kynol ACF. This may have an effect on the formation of the EDL, even with the same 
electrolyte. To investigate this, this section will present the potentials in the electrolyte within 
the electrode pores for both electrodes on charge and discharge. These are demonstrated in 
Figure 5-56 to Figure 5-59. 
Figure 5-56 to Figure 5-59 demonstrates that the cathode holds more potential than the anode 
at the peak of charge (approximately 1.6 V against approximately 1.4 V), however this is a 
much more equal distribution between the electrodes compared to configuration C1. As the 
electrolyte and model structure are identical between the two configurations, this is therefore 
caused exclusively by the pore structure of the AC electrode. This result is discussed further 
in section 5.4.4. 
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Figure 5-56 - The profiles of the potential in the electrolyte of the anode pores on charge for EDLC cell configuration 
C2. 
 
 
Figure 5-57 – The profiles of the potential in the electrolyte of the anode pores on discharge for EDLC cell 
configuration C2. 
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Figure 5-58 - The profiles of the potential in the electrolyte of the cathode pores on charge for EDLC cell 
configuration C2. 
 
 
Figure 5-59 - The profiles of the potential in the electrolyte of the cathode pores on discharge for EDLC cell 
configuration C2. 
 
5.4.3.3. The effect of pore size on the anion (BF4-) concentration profiles 
Following these observations, it is important to investigate the effect of pore size on the 
concentration profiles of both the anion and the cation. This section will present the results for 
the concentration profiles of the anion on charge and discharge in the different pore sizes. The 
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hypothesis for this is that, based on the potential profiles, the concentration profiles for both 
ions will be similar. This is due to the fact that both electrodes contribute similarly to the overall 
potential for the cell. For the micropores in the pore line on charge this is presented in Figure 
5-60 and on discharge in Figure 5-61, and for the concentration in the macropore on charge 
in Figure 5-62 and discharge in Figure 5-63. 
It can be seen from these results that the concentrations of the anions increase at a faster rate 
in the smaller micropores than the rest of the pore sizes, which is a similar trend to that seen 
in supercapacitor configuration C1. The change in profile of the concentration in the macropore 
on both charge and discharge demonstrates a similar trend to the previous configuration in 
which the concentration increases towards the current collector end of the profile due to the 
formation of the EDL. However, the trend demonstrates a large jump in concentration at the 
beginning of charge and discharge and very little change after. This suggests that the 
concentration reaches a steady state and that the micropores are contributing to the change 
in potential in the capacitor more so than the macropore. This will be discussed further in 
section 5.4.4. 
 
Figure 5-60 - The mean change in anion concentration in the different micropores during charge for a current 
density of 1 mA/cm2. 
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Figure 5-61 – The mean change in anion concentration in the different micropores during discharge for a current 
density of 1 mA/cm2. 
 
Figure 5-62 - The change in the anion concentration profile in the large macropore during different stages of charge 
for a current density of 1 mA/cm2. 
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Figure 5-63 – The change in the anion concentration profile in the large macropore during different stages of 
discharge for a current density of 1 mA/cm2. 
 
5.4.3.4. The effect of pore size on the cation (TEA+) concentration profiles 
This section will present the results of the profiles of the cation concentration in the micropores 
and the large macropore for cell configuration C2. The hypothesis of these results is that the 
profiles will be similar to that of the anion profiles presented in section 5.4.3.3 due to the 
electrodes contributing similarly to the potential of the capacitor on both charge and discharge. 
The results for the profiles in the micropores on charge are presented in Figure 5-64 and on 
discharge in Figure 5-65, and for the macropore on charge in Figure 5-66 and on discharge in 
Figure 5-67. 
These results demonstrate an opposite trend to that of the anion presented in section 5.4.3.3, 
in that the largest concentration change on charge and discharge is seen in the large 
micropores. This may be down to the size of the ion, in that the cation is larger than the anion 
in this configuration and thus cannot access the smallest pores with the large pore volume. 
This is interesting as the potential contribution from both ions is seen to be similar to the overall 
potential, which suggests that they both form a similar concentration EDL. It is observed that 
the profile of the concentration in the macropore shows an identical trend in both the anode 
and the cathode, suggesting that this may be the cause of the similar contribution to the 
potential. However, as this shows a convergence to a steady state, the likelihood is that the 
micropores are what contributes to the overall capacitance. The likelihood is that this is down 
to the weighting of the pores. The smallest pores in the AC have a small pore volume which 
reduces their overall weighting, and even though the smaller ions can access these pores they 
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do not have a significant contribution to the overall capacitance. This will be discussed further 
in section 5.4.4. 
 
 
Figure 5-64 - The mean change in cation concentration in the different micropores during charge for a current 
density of 1 mA/cm2. 
 
 
Figure 5-65 – The mean change in cation concentration in the different micropores during discharge for a current 
density of 1 mA/cm2. 
Chapter 5: Simulations of the Electrochemical Transport in Electrochemical Double Layer 
Capacitors (EDLCs) 
Joshua Bates   204 
 
 
 
Figure 5-66 - The change in the cation concentration profile in the large macropore during different stages of charge 
for a current density of 1 mA/cm2. 
 
Figure 5-67 – The change in the cation concentration profile in the large macropore during different stages of 
discharge for a current density of 1 mA/cm2. 
 
5.4.3.5. The effect of pore size on the volumetric transfer current density  
As discussed in this section, the pore size has had a significant effect on the capacitance of 
the supercapacitor. As per the previous configuration, the effect of the pore size on the 
volumetric transfer current density is investigated. The hypothesis of this is that pore sizes 
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similar to that of the respective ion size will have the highest contribution to the capacitance 
of the capacitor. This is reflected in the results of supercapacitor configuration C1. The results 
for this on charge are seen in Figure 5-68, and on discharge in Figure 5-69.  
The results presented here do not show the same trend as that for cell configuration C1. In 
this configuration both the anode and cathode are shown to have the highest contribution from 
the pore size 6.65 nm, which is one of the larger micropores in the PSD. For the most part all 
of the pore sizes contribute an identical amount to the transfer current density, apart from the 
0.64 nm pore size which is only accessible by the anion in the cathode. This contributes to the 
slightly higher potential from the cathode to the overall potential, though their similar values 
are caused by the fact that the pores have identical contributions for all sizes in the anode and 
cathode. The reason that the pore sizes do not have a different contribution could be due to 
several reasons. The pore size of 1.31 nm that is seen to contribute most to the transfer current 
density that is seen in the Kynol ACF is not seen here, which means there is no optimal pore 
size for the anode. The other reason is that the 0.64 nm pore in this case has the highest 
micropore volume, so it stands to reason that the weighting has had an effect. This result will 
be discussed further in section 5.4.4. 
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Figure 5-68 – The weighted volumetric transfer current density in each individual pore sizes in the anode and the 
cathode on charge for cell configuration C2. The left column are the values in the anode at the given SoC values, 
and the right column are the corresponding values for the cathode. 
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Figure 5-69 - The weighted volumetric transfer current density in each individual pore sizes in the anode and the 
cathode on discharge for cell configuration C2. The left column are the values in the anode at the given SoD values, 
and the right column are the corresponding values for the cathode. 
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5.4.4. Model of multiple pore lines results discussion 
The simulation results for cell configuration C2 demonstrate that the multiple pore line model 
is an effective way of modelling a supercapacitor. There are however some issues with the 
model in this configuration. For the modelling of the GCD cycle, it is clear that this cell 
demonstrates a different trend to that of cell configuration C1. Both show that as the cycling 
current density decreases, the deviation of the simulated results from the experimental data 
increases. This has been put down to several different factors, including the ion exchange 
mechanism and the pore structure of the electrode. Other factors were considered for 
configuration C1, such as the presence of redox reactions, however this was demonstrated to 
not be the case through the experimental CVs (Markoulidis 2014).   
There is however a possibility of redox reaction occurring in this experimental data too, 
however there is a difference from cell C1 in that the simulation data under predicts the overall 
cycle time at the lower current densities. There is also a more pronounced curve in the 
experimental data in the lower current densities, which may suggest a redox reaction or a 
slower mass transport within the AC pores than in the Kynol ACF. As per the nitrogen 
adsorption/desorption isotherm presented in Figure 5-27, the AC is proven to have a 
hierarchical pore structure more closely representing the pore line. This would slow the mass 
transport throughout the electrode in the experimental data, as well as allow time for redox 
reactions to occur. As such, a more pronounced experimental curve is seen. This is not 
reflected in the simulation data. The mass transport in the pore line is represented, so the 
remaining curve is assumed to come from redox reactions. In Markoulidis (2014), experimental 
CV carried out on this cell configuration demonstrates a redox peak above 2 V. This supports 
this conclusion that there are redox reactions within the experimental cell, and this contributes 
to a deviation from the simulated cycle.  
Another reason for the lower overall capacity could be down the less than ideal pore sizes 
present in the PSD of the AC. As discussed previously, the Kynol ACF contains pores that are 
of a size which allows optimal formation of the EDL. These size pores will be present in the 
true material but were not considered in this PSD. As such the material was not able to meet 
its optimal capacitance. To improve this, the full PSD could be incorporated into the pore line. 
However, this greatly increases the computing time.  
Something else to note is that a curve in the charge phase of the simulation data is seen in 
cell configuration C1, which is not seen in configuration C2. This was put down to the initial 
and boundary conditions imposed in the model. The simulated data for configuration C2 is 
much smoother, signifying that the initial conditions are not an issue for this configuration. This 
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may be down to the structure and properties of the AC, in which the conductivity is higher than 
the Kynol ACF.  
For the potential profiles, it is demonstrated that both electrodes in configuration C2 contribute 
almost equally to the overall cell potential. This was once again put down to the PSD of the 
AC which allowed for faster mass transport of the TEA+ ion but did not permit the ions in the 
anode from forming the optimal EDL. An even charge distribution may be a more ideal 
situation in that the electrodes are balanced, but this is unclear. This also supports the validity 
of the pore line model, as incorporating different PSDs has different effects related to the 
individual ion properties and is dependent on the relation of the solvated and desolvated ion 
size relative to the pore sizes. Specifically, the presence of large mesopores in the AC helps 
to promote faster TEA+ transport relative to the Kynol ACF, thus promoting a more equal 
distribution between the two electrodes.  
Despite the potential profiles showing a similar contribution to the overall cell potential, the 
anion and cation concentration profiles differ. The anion profile demonstrates a high increase 
in concentration in the small micropores, which is only shown for the pore size 0.635 nm for 
the cathode in the volumetric transfer current density. This can be put down to the weighting 
of these pore sizes as they have a lower pore volume in the PSD. Therefore, whilst the anion 
concentration increases in these pores, they do not contribute heavily to the overall 
capacitance of the supercapacitor.  
 
5.5. Simulated galvanostatic charge/discharge of a symmetric 
supercapacitor of Activated Carbon coating electrodes with a 
TEABF4 in PC electrolyte 
5.5.1. Introduction 
In this section, the results of the simulated galvanostatic charge/discharge of supercapacitor 
configuration C3 are presented. This configuration again utilises symmetric AC coating 
electrodes, however the electrolyte utilised is a TEABF4 salt in a propylene carbonate (PC) 
solvent. PC offers high chemical stability and a higher dielectric constant than acetonitrile, 
which makes it an ideal solvent for electrolytes (Sigma Aldrich 2018). Experimental data of 
cell configuration C3 is presented in Markoulidis (2014) which is used as validation of the 
algorithm. It is useful to investigate an alternative electrolyte with a configuration already 
studied to demonstrate a comparable effect of the electrolyte on the pore line model and 
ensure validation of the model.  
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5.5.2. Model of multiple pore lines – Input data summary 
The configuration of this supercapacitor is identical to that of configuration C2 presented in 
section 5.4, apart from the solvent used in the electrolyte. This means that the parameters 
utilised in this model to define the material will remain the same (defined in Table 5-5), and 
the parameters to define the electrolyte will differ. This affects the solvation shell size around 
the ions, which in turn will affect the accessible pores in the electrode material. The variables 
applied to this simulation are defined in Table 5-8.  
 
Table 5-8 – The parameters used for the model presented in ell configuration C3.  
Symbol Description  Value Units Reference 
𝑖0 Charge/discharge current density Various (see 
section 
5.3.3.1) 
A/m2 (Markoulidis 
2014) 
𝑅𝑐1 Contact resistance of the electrode 
and the current collector 
0.0548 Ω Calculated 
𝑟𝑠+ The ionic radius of the solvated 
cation  
1.28x10-9 m (Markoulidis 
2014) 
𝑟+ The ionic radius of the un-solvated 
cation 
0.67x10-9 m (Markoulidis 
2014) 
𝑟𝑠− The ionic radius of the solvated anion 1.4x10
-9 m (Markoulidis 
2014) 
𝑟− The ionic radius of the un-solvated 
anion 
0.48x10-9 m (Markoulidis 
2014) 
𝑎𝑑𝑖𝑠𝑠 The dissociation coefficient of 1 M 
TEABF4 in PC 
0.6 - Calculated 
𝜇𝐴𝑁 Viscosity of PC 2.5x10
-3 Pa s (Huntsman 
2001) 
𝑐0 Initial concentration of the salt 1500 Mol/m3 (Markoulidis 
2014) 
𝑎𝑑𝑗 Factor for volumetric transfer current 
density 
2.8 - Fitted 
𝑘𝑑 Factor for electrolyte conductivity  0.13 - Fitted 
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5.5.3. Results of the simulation for multiple pore lines 
5.5.3.1. Charge/discharge cycle results 
This section will present the results for the charge/discharge cycling of EDLC cell configuration 
C3 with experimental data validation. The simulated full GCD cycles of this configuration at 
different current densities and the comparison between the simulated and the experimental 
data can be seen in Figure 5-70, the charge profile in Figure 5-71, and the discharge profile 
in Figure 5-72. Despite the higher dielectric constant of PC compared to AN, the experimental 
cycle time is lower for the same current density. This may be down to the higher viscosity of 
PC, and the larger shell size of the PC solvated ions inhibiting the mass transport in this 
configuration (Huntsman 2001).  
It can be seen from these results that the two AC coating-based configurations (C2 and C3) 
show a similar trend. The curve in the experimental data is more pronounced than the 
simulation in both, signifying a slowing in mass transport and the prevalence of redox reactions 
in the AC coating electrodes (as discussed previously). An observable error of approximately 
38% is seen in the full cycle for the lowest current density, a similar error to that of configuration 
C2. However, the deviation is more pronounced in both the individual charge and discharge 
cycles, giving a total error of approximately 40% for the slowest current density in both 
regimes. The additional deviation would therefore be caused by the properties of the 
electrolyte, which may not represent the supercapacitor accurately. These results will be 
discussed further in section 5.5.4. The calculated specific areal capacitance of this cell 
configuration is 0.08 F/cm2. 
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Figure 5-70 – The charge/discharge cycles of cell configuration C3 at different current densities – experimental 
validation. Experimental data taken from (Markoulidis 2014). 
 
 
Figure 5-71 - The charge profile of cell configuration C3 – experimental validation. Experimental data taken from 
(Markoulidis 2014). 
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Figure 5-72 – The discharge profile of cell configuration C3 – experimental validation. Experimental data taken 
from (Markoulidis 2014). 
 
It is clear that the curving of the GCD lines in the experimental data causes the deviation from 
the predicted simulations for both configurations C2 and C3. The presence of redox reactions 
is confirmed through the use of experimental CVs, where peaks were seen above 2 V in tests 
of the AC coating configuration C3 (Markoulidis 2014). It is clear that this is a contributing 
factor to the deviation, but barring quantitative results for the concentration of the side product 
the magnitude of the deviation caused by this is unclear. This will be discussed further in 
section 5.5.4. 
 
5.5.3.2. The effect of ion size on the electrode and electrolyte potential profiles 
The profiles of the potential values in the electrolyte filling the electrode pores are presented 
here. These are used to demonstrate how the potential is distributed between the two 
electrodes. The hypothesis is that the potentials will be of a similar value, as per the results 
demonstrated for configuration C2. This is because with an identical PSD the pores will form 
an EDL with similar concentrations. The un-solvated ion sizes are identical as the salt is the 
same, so an optimal pore size will not be present in this PSD. The results for this section are 
presented in Figure 5-73 to Figure 5-76. 
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Figure 5-73 - The profiles of the potential in the electrolyte in the anode pores on charge for EDLC cell configuration 
C3. 
 
 
Figure 5-74 - The profiles of the potential in the electrolyte in the anode pores on discharge for EDLC cell 
configuration C3. 
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Figure 5-75 - The profiles of the potential in the electrolyte in the cathode pores on charge for EDLC cell 
configuration C3. 
 
 
Figure 5-76 - The profiles of the potential in the electrolyte in the cathode pores on discharge for EDLC cell 
configuration C3. 
 
It can be seen from these profiles that the cathode contributes slightly more to the total 
potential, however the general values for both are similar. This supports the conclusion from 
cell configuration C2 that an optimal pore size for the ionic radii is required in the PSD for this 
to have any significant effect on the potential change.  
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5.5.3.3. The effect of pore size on the anion (BF4-) concentration profiles 
The effect of the pore size on the change in anion concentration is presented here. The 
hypothesis from this is that the change in concentration will be similar to that of configuration 
C2 due to the same PSD being utilised. The results for the micropores can be seen on charge 
in Figure 5-77 and on discharge in Figure 5-78, and for the macropore on charge in Figure 
5-79 and on discharge in Figure 5-80. 
It can be seen that the mass transport in the micropores follows a similar trend to that of 
configuration C2, however the overall concentration values are lower due to the lower initial 
concentration of the ions. The concentration increased at the same rate on charge, indicating 
that this is independent of the electrolyte. The fact that the concentration term is higher again 
for the smallest micropores for the anion is supporting the fact that these are only accessible 
by the un-solvated anions and are able to form an EWCC.  
 
 
Figure 5-77 - The mean change in anion concentration in the different micropores during charge for a current 
density of 1 mA/cm2. 
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Figure 5-78 – The mean change in anion concentration in the different micropores during discharge for a current 
density of 1 mA/cm2. 
 
Figure 5-79 - The change in the anion concentration profile in the large macropore during different stages of charge 
for a current density of 1 mA/cm2. 
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Figure 5-80 - The change in the anion concentration profile in the large macropore during different stages of 
discharge for a current density of 1 mA/cm2. 
 
The results for the macropore, as seen in Figure 5-79, suggest an increase in the 
concentration at the current collector due to the formation of the EDL. This changes during 
charge and discharge, which is dissimilar to the results for configuration C2 which show a 
steady state is reached quickly. This suggests that the large macropore contributes more 
readily to the capacitance of the supercapacitor, which is a likely result due to the larger PC-
solvated ionic radii in EDLC cell configuration C3 compared to EDLC cell configuration C2. 
These results will be discussed further in section 5.5.4. 
 
5.5.3.4. The effect of pore size on the cation (TEA+) concentration profiles 
This section will present the results of the cation concentration profiles in the pore line at the 
separator boundary during charge and discharge. The hypothesis for this is that the profiles 
will again be similar to that of configuration C2, in which the largest increase on charge in the 
cation concentration will be seen in the larger micropores. This is due to the inaccessibility of 
the cations in the smallest micropores. The results for the pore line are seen on charge in 
Figure 5-81 and on discharge in Figure 5-82, and for the macropore on charge in Figure 5-83 
and on discharge in Figure 5-84. 
These results show the same trend as the cation mass transport in configuration C2. The 
highest increase in concentration on charge is seen in the larger micropores rather than the 
smaller micropores as seen in the anion mass transport. This difference suggests that 
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accessibility to the smallest pores is contributing to the cell potential, as the potential in the 
cathode is greater than that of the anode on charge.  
 
 
Figure 5-81 - The mean change in cation concentration in the different micropores during charge for a current 
density of 1 mA/cm2. 
 
Figure 5-82 - The mean change in cation concentration in the different micropores during discharge for a current 
density of 1 mA/cm2. 
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Figure 5-83 - The change in the cation concentration profile in the large macropore during different stages of charge 
for a current density of 1 mA/cm2. 
 
Figure 5-84 - The change in the cation concentration profile in the large macropore during different stages of 
discharge for a current density of 1 mA/cm2. 
 
For the macropore, the same trend is seen on charge and discharge in which the mass 
transport is toward the current collector on charge and away from it on discharge. The fact 
that a steady state is not reached is possibly down to a reduced diffusion coefficient of the 
species in the electrolyte due to the high viscosity of PC and the larger PC-solvated ions. 
These results will be discussed further in section 5.5.1.2. 
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5.5.3.5. The effect of pore size on the volumetric transfer current density 
Finally, the effect of the pore size on the volumetric transfer current density will be investigated. 
The hypothesis for this is that the pore size contributions will not differ between the anode and 
the cathode on charge and discharge, bar that of the small micropore in the cathode that the 
anions can access. This is identical to the activity seen in cell configuration C2. The results for 
charge for configuration C3 are seen in Figure 5-85, and for discharge in Figure 5-86.  
The results for this cell configuration show that the macropore contributes the greatest amount 
to the volumetric current density in both the anode and the cathode, with a much larger value 
than configuration C2. This could be due to two different features. The first is the increased 
viscosity of PC compared to AN which reduces the effective diffusion coefficient in each 
smaller pore. This slows the mass transport from the macropore into the micropores, and as 
such the EDL will more readily form on the macropore surface. Another contributing factor to 
this could be the larger solvated ionic radii in this electrolyte solvent, which takes up more 
volume. These results are discussed further in section 5.5.4. 
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Figure 5-85 - This demonstrates the weighted volumetric transfer current density in each individual pore sizes in 
the anode and the cathode on charge for cell configuration C3. The left column are the values in the anode at the 
given SoC values, and the right column are the corresponding values for the cathode. 
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Figure 5-86 - This demonstrates the weighted volumetric transfer current density in each individual pore sizes in 
the anode and the cathode on discharge for cell configuration C3. The left column are the values in the anode at 
the given SoD values, and the right column are the corresponding values for the cathode. 
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5.5.4. Model of multiple pore lines results discussion 
These results show that the model of multiple pore lines fed from a large macropore is also 
appropriate to model the electrochemical transport in cell configuration C3. This demonstrates 
that the user can modify both the electrode and electrolyte properties to successfully simulate 
a supercapacitor configuration. Firstly, the reduced capacity in configuration C3 comparative 
to configuration C2 is observed, in agreement with the observed experimental trend. This can 
be put down to the increased viscosity of PC compared to AN coupled with the larger size of 
the PC-solvated ion, both of which slow mass transport. This however is not reflected in the 
concentration profiles, so this conclusion is invalid. Therefore, a likely reason for this is the 
solvated ionic radii. The solvation shell in the PC electrolyte is larger for both ions, which 
reduces the number of ions which are able to form the EDL due to the spatial limitations. This 
reduces the overall capacitance of the capacitor. 
The reduced coherence in the configuration between the simulated and the experimental data 
can also be put down to the effect of the electrolyte. A high viscosity reduces the rate of mass 
transport, thus increasing the time for redox reactions to occur in the experimental data. This 
increases the capacitance of the experimental data and reduces the agreement with the 
simulations.  
The results for the volumetric current density and the concentration profiles also support the 
final potential results. Again, the contribution of this factor from both electrodes is similar, as 
per the results from configuration C2. The cathode also demonstrates a higher contribution 
from the small micropore due to the increased accessibility of the smaller ion. This 
configuration also did not demonstrate the effect of the optimum pore size for the anode, which 
is expected as the same PSD is used as in configuration C2. Again, this could be addressed 
with the use of the full PSD. However, this proved too computationally demanding.  
 
5.6. Discussion of the EDLC model and simulation results 
This section will discuss the overall conclusions drawn pertaining to the supercapacitor models 
and simulations for the EDLC cells presented in this chapter. As detailed in Chapter 4 of this 
thesis, the equations used to solve for each variable in the model are widely used and 
published. The novelty of the model presented here is that it is able to solve for ion transport 
on multiple scales by incorporating the flux of multiple pore sizes. Basic principles are followed 
for the determination of electrode and configuration properties, such as the diffusion 
coefficients and electrolyte conductivity. A further development in this model compared to 
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mass transport models previously seen is the calculation of the current density in the 
electrolyte. This is calculated using the Nernst-Planck equation seen in Equation 4-2 from the 
weighted change in the bulk concentration in the electrolyte summed over all of the pore sizes 
in the simulation. This is based on the key assumption that the change in concentration in the 
bulk electrolyte is due to the formation of the EDL. This may well be the case, however it is 
naïve to assume that all of the ions in the cases considered are forming the EDL. Moreover, 
this equation does not take into account the loss of ion concentration to redox reactions.  
The use of the Nernst-Planck equation in this way is valid due to the basic principle of the 
change in concentration with time being intrinsically linked to the change in current density in 
the electrolyte, however more needs to be done to consider the actual concentration of the 
species forming the EDL rather than the bulk electrolyte. This could be done by including a 
drift term in the equation based on diffusion of the ion from the bulk to the pore surface. 
Considering the surface concentration as a separate entity is the key to addressing this issue.  
In keeping with the equations used, the flux term in the Nernst-Planck equation (as specified 
in Equation 4-2) needs to be considered more closely. As per Equation 2-13, the flux term is 
affected by the spatial change in the current density of the electrolyte. However, in all of the 
models presented in this thesis, this term caused divergence within the model and was altered. 
The length term used was the equivalent but across the entire length of the electrode, i.e. the 
current density divided by the thickness of the electrode. This means that the flux term was 
fixed throughout all stages of GCD in each simulation. This term was weighted for each 
individual pore as described previously. Therefore, future refinement of this model should look 
to address this assumption and gain a more accurate depiction of the mass transport and not 
assume that the flux is constant.  
Another issue with the use of this equation for mass transport is the scale of the equation. In 
typical bulk electrolytes, diffusion of ions will follow this equation on the macro scale. However 
down at the micro pore scale, when the pore size is similar to that of the ionic radii, the Nernst-
Planck equation loses validity. This means that it would be more appropriate to use a micro 
scale diffusion principle, such as a molecular dynamics model. Future refinement of this model 
could improve by utilising alternative methods of diffusion in the micro pores.  
Something else to consider is the potential driven change in current density formed by the 
formation of the EDL. This is used in other models published in the literature and is expressed 
in Equation 2.14. This equation considers the potential change across the EDL which drives 
the change in current density in the electrolyte. This equation was not utilised in this model as 
adding the extra complexity to the calculation caused the algorithm to diverge. This may be 
down to the complexity of the pore line causing issues, as the potential term is not calculated 
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for every pore. Rather, it is calculated in the one dimension and weighted for the volume of 
each of the discrete pore sizes. This weighting is believed to cause an instability in this 
equation. Another reason this equation was not used is that the calculated value of specific 
capacitance presented in the published experimental work is much greater than expected. 
The value given for capacitor configuration C1 is 0.71336 F/m2, which when incorporated into 
this equation causes divergence (Fields et al. 2016). This also occurs when the simulated 
value of is 0.96 F/cm2 is used. The discrepancy between these two values is likely due to the 
factors as detailed in this section.  
Another issue to consider with the model in its current form is the use of the multiplication 
factor 𝑎𝑑. This is essentially a fitting factor, used as a multiplication of the volumetric transfer 
current density at each timepoint. This factor can be justified in increasing this value as in the 
model the change is determined from the change in bulk concentration, whereas it should be 
driven by the change in concentration of the EDL. This would likely be a much higher 
concentration due to the packing of the ions. Another justification for the use of this factor is 
that whilst the full change in concentration is considered to be forming the EDL, there will also 
be mass transport between the pores. This reduces or increases the bulk electrolyte value 
depending on the pore regime, which deviates this value further from the true EDL 
concentration. The factor 𝑘𝑑 is used within the calculation of the effective electrolyte 
conductivity as a term to consider the electrolyte resistance. This is calculated from the drop 
in the potential at the beginning of charge/discharge of the cell.  
In keeping with the mass transport between pores, there is another issue to consider. Whilst 
the derived method of calculating the mass transport is valid, as detailed in Chapter 4 of this 
thesis, it is not without issue. In some cases, the flux in the pores is very small, to the point of 
being negligible. This is at the point of the smallest pores, in which the value for the cross-
sectional area of the pore is very small. This may not necessarily be a valid assumption, as 
slit pores between sheets of carbon can often have a much larger breadth than the width 
between them. This is addressed by ensuring that each pore size is considered at every node 
to give the maximum possible volume for each pore size. This could be addressed further by 
utilising the total number of pores or a different area factor in the mass transport equation.  
Material characterisation plays a large part in determining what the pore structure utilised to 
calculate the PSD will be. However, several assumptions need to be addressed from the 
methods used. Firstly, the SEM used to take the images seen has a typical resolution of 5 nm. 
Any pore structures seen beyond this are typically out of focus, so SEM was unsuitable for the 
analysis of micropores. The AFM used has a resolution of sub nanometre, however this did 
not always provide a clear image. Line artefacts were seen in many of the samples which 
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required filtering, thus reducing the overall resolution of the image. Artefacts came about in 
the Kynol ACF images due to movements of the fibre as they were only secured manually at 
either end. For the AC coating, artefacts typically came about due to the particles becoming 
dislodged by the tip during the scan. This was evident in several cases where the landscape 
under the tip suddenly changed. Both issues are an intrinsic part of analysing these materials 
so cannot be addressed with ease. 
Another way of improving the accuracy of the model is to take into account the possibility of 
redox reactions. In a perfect supercapacitor these would not occur, however this is practically 
impossible. A provision could be added in the mass transport to the flux term in the mass 
transport equation to represent this. This would improve coherence with the experimental data, 
however the reaction rates would need to be determined experimentally.  
The model of multiple pore lines fed by a large macropore is ultimately simple and quick 
method of incorporating a non-uniform pore size distribution to a mass transport model. 
However, for a full representation of a porous carbon structure, a 3D model would be required. 
This would need to consider throats between the pores for true diffusion between them. Such 
development would move from the meso-scale continuum model in this thesis to a 3D network 
model of electrochemical transport which might be impractical given the computing time and 
defeat the purpose of the objective of this project.   
 
5.7. Concluding remarks 
In conclusion, the GCD cycle of three different supercapacitor configurations has been 
simulated using a volume averaged mass transport macro-meso-micro scale model 
incorporating mass transport of species between pores of different sizes. The model gives 
generally good agreement with experimental data for all EDLC configurations, including two 
different types of electrodes. The first, Kynol ACF, has a generally narrow PSD in the 
mesopore range. The second, the AC coating, has a generally wider PSD. The simulations 
were also able to incorporate electrolytes with two different solvents, AN and PC. The model 
has been able to capture the effects of narrow and wide PSDs, as well as the effect of the 
different electrolyte solvents (including the different solvation shell sizes (the size of the 
solvated ion) and the solvent viscosity).  
These features show that the model follows the experimentally observed trends in the data, 
and deviations from experimental data could be due to redox reactions occurring in the cells 
cycled at lower current densities and discrepancies in the method of measuring mass 
transport. In its current form the model required a multiplication factor to fit more closely to the 
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experimental data, which has been justified by the fact that the mass transport in this model 
only considers the bulk electrolyte and not that of the EDL concentration on the pore surfaces. 
To improve on this, future refinement of this model could consider the transport from the bulk 
electrolyte to the surface and thus the formation of the EDL.  
It is also demonstrated that incorporating a PSD into the model rather than the traditional 
approach of a uniform pore size is a valid method and gives accurate results. As the PSD 
(particularly the balance between meso and micro pores) is important for optimising the energy 
and power density in EDLCs, the ability of the currently proposed model to cater for ion 
transport by taking into account the PSD opens up new opportunities for modelling and 
simulations to be used to optimise the PSD of EDLCs in future work.  
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6. Simulations of the Electrochemical Transport in 
Lithium Sulphur Batteries 
6.1. Introduction 
In this chapter, the results of the simulation of the galvanostatic discharge of a lithium-sulphur 
battery are presented. The model concept utilised in the previous chapter, namely that of the 
model of multiple pore lines fed by a large macropore reservoir at each point in the cathode, 
was applied here for this battery model. This was done to demonstrate the versatility of the 
method, and that it can be used to simulate the electrochemical processes in devices which 
store energy in different ways. This chapter will be structured as follows. Firstly, the 
characterisation of the materials used in the experimental study presented in Elazari et al. 
(2011) utilised in this thesis will be summarised, along with the discretised PSD of the 
composite cathode used as input to the simulations. Then, the simulation results will be 
presented for a model utilising a two-stage reaction. Finally, this is compared to the simulation 
results for a full five-stage reaction model.   
 
6.2. Cathode pore size distribution and model structure 
6.2.1. Cathode PSD 
In this thesis, the Li-S models presented are validated against published experimental data 
from the paper of a leading group, namely Elazari et al. (2011). In this paper, a Li-S battery is 
presented with the following configuration: a lithium anode electrode, a 0.7 M LiTFSI (10 
wt%)/LiNO3 (2 wt%) in DOL/DME (v/v) electrolyte, and a Kynol 2000 ACF cathode host 
impregnated with sulphur. The impregnation method is detailed in Elazari et al. (2011) and 
was able to achieve a 33 wt% of sulphur in the composite electrode. A similar material to the 
pristine cathode host Kynol ACF was utilised in Chapter 5 of this thesis for simulation of 
supercapacitor charge/discharge, however the PSD and parameters presented for this 
material are not representative of the sulphur impregnated version. Impregnation of the 
sulphur into the ACF changes the overall PSD and the active specific surface area of the fabric 
through sulphur deposition.  
In Elazari et al. (2011), the full characterisation of the fabric pre and post impregnation with 
sulphur is presented through PSDs derived from nitrogen adsorption/desorption experiments. 
Impregnation of the sulphur reduced the active specific surface area from 2000 m2/g to 1200 
m2/g. The PSD of the composite S-ACF electrode presented in Figure 6-1, compared to the 
PSD presented in Elazari et al. (2011) and the PSD presented in Figure 5-13 of this thesis, 
demonstrates that the sulphur has filled many of the micropores within the fibres of the ACF. 
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This has thus shifted the PSD of the composite electrode toward the smaller pore sizes (in the 
micropore range), which is favoured by the small Li+ ions.  
The experimental PSD has been discretised in this project and is presented in Figure 6-1. The 
discretised PSD was inputted in the simulation of the Li-S battery presented in this chapter. 
The peaks are on a similar scale to that of the Kynol ACF presented in Figure 5-13, however 
they are shifted to the left (towards the micropore range) due to the sulphur impregnation 
narrowing and filling pores. The discretised PSD is a simplified 16-point PSD, which is a cut 
down version Implemented into the model and simulation presented in this chapter. This once 
again allows for implementation of the PSD into the algorithm with a reduced computing 
demand in comparison to the use of the full PSD.  
 
 
Figure 6-1 – The discretised PSD inputted in the simulations in this chapter, derived from the PSD published in 
(Elazari et al. 2011) 
 
To demonstrate the suitability of the simplified PSD, the cumulative pore volume distribution 
is presented in Figure 6-2. This shows that the actual pore volume relative to the pore sizes is 
near identical, demonstrating that the simplified version of the PSD is suitable to use.  
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Figure 6-2 - The comparison between the cumulative pore volume distribution of the PSD published in Elazari et 
al. (2011) and the discretised version implemented into the algorithms presented in this chapter.  
 
6.2.2. Model structure 
The algorithm solves the Li+ ion transport equations for a set of multiple pore lines from a 
macropore reservoir, where each pore line is represented at each node in the cathode. In the 
discretised PSD, 16 micropore sizes are taken and are used in the simulation to form the pore 
line. Each of the pore lines follows the full pore hierarchy where each pore is preceded by the 
larger pore size. The micropores are also assumed to follow the slit pore model. These 
micropores are fed the Li-S battery reactants, namely molecular octasulphur and lithium ions, 
by the large cylindrical macropore. This is identical for both configurations presented in this 
chapter (two-stage and five-stage reactions), where both follow the following assumptions.  
• At the beginning of discharge, the concentrations of both lithium ions and elemental 
sulphur are uniform in all pore sizes at all nodes (as expressed in the pore line of Figure 
4-6). 
• The mass transport of sulphur is not considered, and it is assumed that its consumption 
depends only on the reaction rate.  
• The reaction kinetics are uniform in all pore sizes at each stage, and the deposition of 
short chain polysulphides is uniform on all of the carbon surface area (as demonstrated 
in Figure 4-7). 
• The electrolyte fully floods all of the pores in the pore line and the macropore and 
follows the dilute concentration theory.  
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• The stepwise reactions that occur in these models (expressed in the following sections 
of this chapter) only occur within the potential ranges expressed for each reaction. In 
other words, once a threshold for the potential is crossed by the cell potential the 
current reaction ends and the next reaction begins.  
• The reactions at all stages are isothermal.  
 
6.2.3. Input data summary 
In this section, the variables and material properties applied to both of the models presented 
in this chapter will be summarised. Table 6-1 presents general input data for the Li-S 
simulations, and Table 6-2 presents the pore sizes and the effective coefficients. In this model, 
the lithium ion is not considered to have a solvation shell. This is due to the fact that this 
information was unavailable.  
In Table 6-2, the porosity was calculated using Equation 4-17. The diffusion coefficient was 
calculated using Equation 4-9, and the effective diffusion coefficient Equation 4-12. As 
specified previously, the porosity and pore surface area changes with time due to the solid 
phase deposition of short chain polysulphides in both of the reaction mechanisms presented 
in this chapter. These were found using Equation 4-41 and Equation 4-43 respectively.  
 
Table 6-1 – The input data used in the Li-S battery simulations. 
Symbol Description  Value Units Reference 
𝜎 Conductivity of the solid cathode  3.52 S/m (Huang 2017) 
𝑐𝐿𝑖
0  Initial concentration of lithium 700 Mol/m3 (Elazari et al. 
2011) 
𝑐𝑆8
0  Initial concentration of octasulphur 543 Mol/m3 Calculated  
𝑘𝑠𝑆8 Solubility factor of octasulphur in the 
electrolyte 
0.8 - Assumed 
𝑑𝐿𝑖2𝑆2 Density of Li2S2 1720 kg/m
3 (Feng et al. 
2014) 
𝑑𝐿𝑖2𝑆 Density of Li2S 1660 kg/m
3 (Feng et al. 
2014) 
𝑟𝑎𝑑𝐿𝑖 Ionic radius of the Li
+ ion 1.45x10-10 m (Clark 2012) 
𝑟𝑎𝑑𝑆8 Ionic radius of octasulphur  4x10
-10 m (Clark 2012) 
𝑀𝑊𝐿𝑖2𝑆8 Molecular weight of Li2S8 270.4 g/mol Calculated 
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𝑀𝑊𝐿𝑖2𝑆6 Molecular weight of Li2S6 206.27 g/mol Calculated 
𝑀𝑊𝐿𝑖2𝑆4 Molecular weight of Li2S4 142.14 g/mol Calculated 
𝑀𝑊𝐿𝑖2𝑆2 Molecular weight of Li2S2 78.01 g/mol Calculated 
𝑀𝑊𝐿𝑖2𝑆 Molecular weight of Li2S 45.95 g/mol Calculated 
𝑖0 Discharge current density  9.8 A/m2 (Elazari et al. 
2011) 
𝑙𝑘 Thickness of the ACF/S electrode  0.6 mm (Kynol Europa 
GmbH 2012) 
𝑤𝑘 Specific weight of ACF/S electrode 194.88 g/m
2 Calculated 
𝑎𝑘 Active specific surface area of ACF/S 
electrode 
3.89x108 m2/m3 Calculated 
𝜕𝑓
𝜕 ln 𝑐𝐿𝑖2𝑆6
 
Thermodynamic coefficient of the 
formation of Li2S6 (upper plateau) 
0.472 - (Safari et al. 
2016) 
𝜕𝑓
𝜕 ln 𝑐𝐿𝑖2𝑆2
 
Thermodynamic coefficient of the 
formation of Li2S2 (lower plateau) 
0.257 - (Safari et al. 
2016) 
𝑚𝑆 Mass of sulphur in the ACF/S 
electrode 
10 mg (Elazari et al. 
2011) 
𝐷𝐿𝑖 Diffusion coefficient of lithium ions 5.35x10
-10 m2/s (Safari et al. 
2016) 
𝐷𝑆8 Diffusion coefficient of octasulphur 1x10
-9 m2/s (Hofmann et al. 
2014) 
 
Table 6-2 – The widths of the individual pores in the PSD and the effective properties of the cathode.  
Pore width (nm) Pore volume (m3/kg) 𝜺 𝑫𝑳𝒊,𝒆𝒇𝒇 (m
2/s) 𝝈𝒆𝒇𝒇  (S/m) 
500 1.85x10-3 0.60 2.48x10-10 0.89 
5.83 2.76x10-5 0.01 4.54x10-13 3.47 
4.06 3.26x10-5 0.01 5.83x10-13 3.46 
2.61 2.54x10-5 8x10-3 4.01x10-13 3.48 
2.14 9.65x10-5 0.03 2.97x10-12 3.36 
1.50 5.76x10-5 0.02 1.37x10-12 3.42 
1.36 7.48x10-5 0.02 2.03x10-12 3.39 
1.15 9.72x10-5 0.03 3.00x10-12 3.35 
0.96 5.76x10-6 1.8x10-3 4.33x10-14 3.51 
0.85 1.97x10-6 6.4x10-4 8.67x10-15 3.52 
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0.84 2.76x10-5 9.0x10-3 4.54x10-13 3.47 
0.72 4.26x10-6 1.4x10-3 2.75x10-14 3.51 
0.67 2.12x10-5 6.9x10-3 3.06x10-13 3.48 
0.56 3.64x10-5 0.01 6.87x10-13 3.46 
0.48 2.90x10-5 9.4x10-3 4.88x10-13 3.47 
0.43 7.86x10-6 2.6x10-3 6.90x10-14 3.51 
0.41 2.99x10-6 9.7x10-4 1.62x10-14 3.51 
 
6.3. Simulated discharge of the Li-S battery using a two-stage 
reaction model 
6.3.1. Reaction kinetics for the two-stage model 
The two-stage reaction for the Li-S battery is given in section 4.3.3.1 of this thesis. This 
includes the formation of Li2S8 (Equation 4-22) and the subsequent formation of Li2S2 
(Equation 4-23). The constants pertaining to the reaction kinetics were fitted for the best 
agreement with the experimental data published in Elazari et al. (2011). Table 6-3 presents 
the values of the fitted reaction kinetics for the two-stage reaction model, utilised in the 
respective modified Butler-Volmer equations presented in section 4.3.3.3 of this thesis.  
 
Table 6-3 – The values of the fitted reaction kinetics for the two-stage reaction model. 
Symbol Description  Value Units Reference 
𝑘𝑎,𝐿𝑖2𝑆8 Anodic reaction coefficient – upper 
plateau 
8.00x10-20 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆8 Cathodic reaction coefficient – upper 
plateau 
8.07x10-24 m7/smol2 Fitted 
𝑘𝑎,𝐿𝑖2𝑆2 Anodic reaction coefficient – lower 
plateau 
8.00x10-25 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆2 Cathodic reaction coefficient – lower 
plateau  
3.65x10-32 m7/smol2 Fitted 
𝑘𝑑𝐿𝑖2𝑆8 Effective conductivity parameter – upper 
plateau  
1 - Fitted 
𝑘𝑑𝐿𝑖2𝑆2 Effective conductivity parameter – lower 
plateau  
0.1 - Fitted 
𝑘𝑑𝑓 Activity coefficient parameter  0.1 
-  Fitted 
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In Table 6-3, a parameter is defined as the activity coefficient parameter, 𝑘𝑑𝑓. This parameter 
was required for both stages of the reaction and was utilised in the calculation of the potential 
in the electrolyte as per Equation 6-1 below. This is a modified version of Equation 4-40 
presented in this thesis.  
𝜕𝜙2
𝜕𝑥
= −
𝑖2
𝑘𝑒𝑓𝑓
−
2𝑅𝑇𝜅𝑒𝑓𝑓
𝐹
(𝑡+ − 1)(𝑘𝑑𝑓 (1 +
𝜕 ln 𝑓
𝜕 ln 𝑐𝐿𝑖
))∇ ln 𝑐𝐿𝑖 (6-1) 
 
6.3.2. Results for the simulation using a two-stage reaction model  
6.3.2.1. Galvanostatic discharge results 
The simulation results for the galvanostatic discharge using the two-stage reaction model are 
presented in Figure 6-3, along with the experimental data from Elazari et al. (2011). The 
predicted profile has only two horizontal plateaus, missing the curved parts of the experimental 
discharge curve. This may be attributed to the missing intermediate reactions present in the 
experimental cell. The sharp drop in potential at the end of the first plateau is caused by the 
cut off potential being reached and the second reaction beginning This result will be discussed 
further later. 
 
 
Figure 6-3 – The comparison between the simulated two-stage discharge of a Li-S battery and the experimental 
data transcribed from (Elazari et al. 2011). 
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The results presented here show good agreement with the experimental data. The predicted 
total capacity matches the experimental value, which is due to the consumption in Li+ in the 
cathode governed by the reaction kinetics and imposed current, where the reaction kinetics 
parameters were fitted accordingly.  
 
6.3.2.2. The effect of pore size on the polysulphide concentrations during 
discharge 
As detailed in the two-step reaction, two different polysulphides are formed in the upper and 
lower plateaus in the curve demonstrated in Figure 6-3. In this case, Li2S8 is produced in the 
first plateau and consumed in the second plateau in all pores. The mean change in 
concentration across the profile in all pore sizes of the long chain polysulphide Li2S8 
throughout the full discharge is expressed in Figure 6-4. In this, it can be seen that the 
concentration of Li2S8 increases in the first plateau and decreases in the second plateau. This 
is important to investigate as it allows for working towards the optimisation of the PSD based 
on the activity within the respective pores.  
 
 
Figure 6-4 – The change in concentration of Li2S8 during the discharge of the Li-S battery.  
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Furthermore, Figure 6-4 demonstrates that the reaction rates remain constant during 
production and consumption of Li2S8, and that the pore size plays a significant role. No Li2S8 
is produced in the 0.41 nm pore, meaning that this pore size is inaccessible to the Li+ ion and 
the S8 molecule. The maximum Li2S8 concentration is reached in the 0.85 nm pore, which is 
attributed to the fact that the larger sized pores contribute mostly to the Li+ transport rather 
than the reaction itself. The smaller pores however have reduced diffusivity (see Table 6-2), 
and thus the transport is slower. The 0.85 nm pore has the smallest Li+ ion diffusivity value, 
and thus this pore and the smaller pores contribute more to the reaction than the ion transport. 
At the end of the first plateau and the beginning of the second, the production of Li2S2 begins. 
The change in concentration of Li2S2 in all pores is expressed in Figure 6-5.  
 
 
Figure 6-5 – The change in concentration of Li2S2 during the discharge of the Li-S battery.  
 
As this polysulphide is produced in the second stage, the concentration remains at zero during 
the first stage. This graph clearly demonstrates that the pore size again has a significant effect 
on the production of the polysulphide. The trend in this graph is not linear, which differs from 
the long chain polysulphide production. It generally follows the trends seen in Figure 6-4, as it 
shows that the pores with the highest concentration of Li2S8 also translates to the highest 
concentrations of Li2S2. This will be discussed more closely in section 6.3.3.  
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6.3.3. Two-stage reaction model results discussion 
From the results presented here, it is clear that using the multiple pore line model provides an 
effective and useful tool to simulate the discharge phase of a Li-S battery. The discharge curve 
of the simulated two-stage reaction showed reasonable agreement with the published 
experimental data, and the pore line model allowed for analysis of the effect of the pore sizes 
on different variables in the electrochemical processes of the cell. This demonstrated the effect 
of mass transport across all pore sizes on the simulated capacity. A clear plateau can be seen 
for each reaction, fitting the two-plateau discharge curve observed in the literature. The 
potential drop at the end of the first stage is caused by the consumption of lithium ions, which 
causes the cut off voltage to be reached for the model to switch to the next reaction.  
What is also clear from this is that there are several individual micropore sizes which dominate 
both stages of the reaction, suggesting the importance of considering the pore microstructure 
in the model and the related mass transport. Pores in the micropore range (0.67 – 0.97 nm) 
dominate the formation of the polysulphides, which based on the PSD in Figure 6-1 have low 
micropore volumes. These smaller micropore sizes are important in both reaction stages, 
possibly due to the slower diffusivity of the Li+ ions in these pore sizes. The larger macropores 
of greater specific volumes have higher rates of diffusivity and reduced specific surface area 
(relative to the micropores), and hence contribute less to the overall reaction. These pores 
dominate the transport of the Li+ ions, which is slow in the smaller pore sizes. This 
demonstrates the importance of including multiple pore sizes in the model for a cathode by 
using a PSD.  
It is clear that the discharge curve presented in Figure 6-3 demonstrates a small increase in 
potential at the beginning of the lower plateau of the discharge curve. This is seen in 
experimental discharge curves and is often caused by the effects of deposition of the insoluble 
discharge product on the porous electrode surface. This feature is incorporated into the model 
and is thus reflective of true Li-S battery activity. These results will be discussed further in 
section 6.5.  
 
6.4. Simulated discharge of the Li-S battery using a five-stage 
reaction model 
6.4.1. Reaction kinetics for the five-stage model 
The five-stage reaction model of a Li-S battery is given in section 4.3.3.1 of this this thesis. 
These reactions involve the formation of Li2S8 (Equation 4-24), Li2S6 (Equation 4-25), Li2S4 
(Equation 4-26), Li2S2 (Equation 4-27), and Li2S (Equation 4-28). Each of the constants utilised 
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in the modified Butler-Volmer equations seen in section 4.3.3.3 for each respective reaction 
are presented in Table 6-4. These were, as with the results presented for the two-stage 
reaction, fitted to the experimental data published in (Elazari et al. 2011).  
 
Table 6-4 – The parameters utilised in the five-stage reaction model for the Li-S battery 
Symbol Description  Value Units Reference 
𝑘𝑎,𝐿𝑖2𝑆8 Anodic reaction coefficient – Li2S8 
formation  
2.70x10-20 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆8 Cathodic reaction coefficient – Li2S8 
formation 
1.17x10-24 m7/smol2 Fitted 
𝑘𝑎,𝐿𝑖2𝑆6 Anodic reaction coefficient – Li2S6 
formation 
2.10x10-20 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆6 Cathodic reaction coefficient – Li2S6 
formation 
4.87x10-23 m7/smol2 Fitted 
𝑘𝑎,𝐿𝑖2𝑆4 Anodic reaction coefficient – Li2S4 
formation 
5.69x10-21 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆4 Cathodic reaction coefficient – Li2S4 
formation 
8.01x10-28 m7/smol2 Fitted 
𝑘𝑎,𝐿𝑖2𝑆2 Anodic reaction coefficient – Li2S2 
formation 
9.00x10-30 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆2 Cathodic reaction coefficient – Li2S2 
formation  
1.65x10-36 m7/smol2 Fitted 
𝑘𝑎,𝐿𝑖2𝑆 Anodic reaction coefficient – Li2S 
formation 
1.00x10-29 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑆 Cathodic reaction coefficient – Li2S 
formation  
4.95x10-33 m7/smol2 Fitted 
𝑘𝑑𝐿𝑖2𝑆8 Effective conductivity parameter – 
Li2S8 formation 
0.1 - Fitted 
𝑘𝑑𝐿𝑖2𝑆6 Effective conductivity parameter – 
Li2S6 formation 
0.1 - Fitted 
𝑘𝑑𝐿𝑖2𝑆4 Effective conductivity parameter – 
Li2S4 formation 
0.1 - Fitted 
𝑘𝑑𝐿𝑖2𝑆2 Effective conductivity parameter – 
Li2S2 formation 
0.1 - Fitted 
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𝑘𝑑𝐿𝑖2𝑆 Effective conductivity parameter – 
Li2S formation  
0.1 - Fitted 
𝑘𝑑𝑓,𝐿𝑖2𝑆8 Activity coefficient parameter – Li2S8 
formation  
0.1 - Fitted 
𝑘𝑑𝑓,𝐿𝑖2𝑆6 Activity coefficient parameter – Li2S6 
formation 
0.1 - Fitted 
𝑘𝑑𝑓,𝐿𝑖2𝑆4 Activity coefficient parameter – Li2S4 
formation 
0.1 - Fitted 
𝑘𝑑𝑓,𝐿𝑖2𝑆2 Activity coefficient parameter – Li2S2 
formation 
2.5x10-3 - Fitted 
𝑘𝑑𝑓,𝐿𝑖2𝑆 Activity coefficient parameter – Li2S 
formation 
0.02 - Fitted 
 
As with the two-stage reaction model, each reaction in the five-stage model required an activity 
coefficient parameter as defined in Table 6-4. This was utilised at each reaction stage as per 
Equation 6-1. Further to this, the calculation for the potential in the electrode required an 
alternate boundary condition in this model due to the nature of simulating multiple reaction 
stages. This is defined in Equation 6-2, where 𝑛 defines the timepoint being solved for.  
𝜑1
𝑛+1(𝑁𝑋 + 1) = 𝜑1
𝑛(𝑁𝑋 + 1) − 𝜑2
𝑛+1(𝑁𝑋 + 1) (6-2) 
 
6.4.2. Results for the simulation using a five-stage reaction model  
6.4.2.1. Galvanostatic discharge results 
Figure 6-6 displays the predicted galvanostatic discharge profile for a five-stage reaction 
model and the comparison with the experimental data taken from Elazari et al. (2011). The 
prediction agrees with the experimental data much more closely than the two-stage reaction 
model seen in Figure 6-3 and displays the two distinct plateaus with a much more gradual 
change in potential throughout the discharge between the two plateaus. This is representative 
of the inclusion of the intermediate reactions. 
The simulation curve clearly demonstrates the five reaction stages, each with their own 
plateaus. Incorporating each stage promotes good agreement with the experimental discharge 
curve, thus demonstrating suitability of modelling multiple reaction stages. Each reaction stage 
is potential driven; thus, the reactions stop once the respective cut off potentials have been 
reached. This leads to the sharp changes in the simulated curve. This will be discussed in 
further detail later.  
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Figure 6-6 – The comparison between the simulated five-stage discharge of a Li-S battery and the experimental 
data transcribed from (Elazari et al. 2011). 
 
6.4.2.2. The effect of pore size on the polysulphide concentrations during 
discharge 
In the five-stage model, a different polysulphide is formed at each stage and consumed in 
subsequent stages. Figure 6-7 to Figure 6-11 demonstrate the average concentration across 
the spatial profile of the different polysulphides in different pore sizes during the whole 
simulated discharge. As with the two-stage reaction model presented in section 6.3, the 0.85 
nm pore dominates the reaction at each stage. This is expected due to the reasons presented 
previously, where the low specific pore volume prevents Li+ ion transport and promotes the 
reaction to occur within the pore. The end of discharge is triggered by the fast formation of 
Li2S, which is demonstrated in Figure 6-11. This will be discussed further later.  
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Figure 6-7 – The change in concentration of Li2S8 within the pores of different sizes throughout discharge. 
 
 
Figure 6-8 – The change in concentration of Li2S6 within the pores of different sizes throughout discharge. 
 
Chapter 6: Simulations of the Electrochemical Transport in Lithium Sulphur Batteries 
Joshua Bates   243 
 
 
Figure 6-9 – The change in concentration of Li2S4 within the pores of different sizes throughout discharge. 
 
 
Figure 6-10 – The change in concentration of Li2S2 within the pores of different sizes throughout discharge. 
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Figure 6-11 – The change in concentration of Li2S within the pores of different sizes throughout discharge. 
 
6.4.3. Five-stage reaction model results discussion  
It can be seen from these results that the multiple pore line model retains its validity and 
usefulness in a multiple stage reaction model, and that modelling a multiple-stage reaction 
gives a more accurate representation of the true discharge of an Li-S battery. The five-stage 
model shown here demonstrates a smoother discharge curve than the two-stage model, in 
particular at the transition between the upper and lower plateau. This is due to the nature of 
the reaction steps in the model, and also the boundary condition for the calculation of the 
potential in the electrode. It is also clear that the potential ranges of each plateau match the 
experimental discharge curve more closely than the two-stage reaction, particularly in the 
upper plateau.  
It is clear that individual micropores, namely the 0.67 – 0.97 nm sized pores, dominate the 
reaction stages and the formation of each of the polysulphides. This is identical to the two-
stage reaction model. The optimal pore size or range of pore sizes that dominate the reaction 
activity is associated with good and relatively fast ion transport (at the given galvanostatic 
current density) and a large specific surface area on which the Li+ ions are able to attach and 
react. It can therefore be concluded that modelling multiple pore sizes is important for accurate 
consideration of the electrochemical processes in the Li-S battery activity, and that increasing 
the number of reaction stages increases the accuracy of the model.  
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6.5. Discussion of the Li-S battery models and simulation results 
Based on either of the two reaction models investigated in this chapter, it is clear that the 
multiple pore line model of hierarchical pores fed by a large macropore reservoir is an accurate 
and effective method of investigating the effects of different pore sizes on the formation of 
different length polysulphides during the discharge of an Li-S battery. The multiple pore lines 
model structure is identical to that used to simulate the cycling of an EDLC presented in 
Chapter 5 of this thesis, demonstrating the versatility of this structure for different materials 
and energy storage devices. There are however some individual aspects which could be 
improved upon, which will be discussed in more detail here.  
Currently, this model is only able to simulate the two-stage and five-stage discharge reactions 
in a Li-S battery. Full cycling, i.e. charging, has not been completed for this model. The 
charging reaction for a Li-S battery is the reverse of the overall reaction, seen in Equation 2-
5. This could be incorporated in future developments of this model. Similarly, a number of 
known features of Li-S battery cycles are not considered in this model. The principal one is 
the shuttling of polysulphides, an effect which has been considered in some models in the 
literature (Mikhaylik and Akridge 2004, Moy et al. 2015). These features may be incorporated 
in future developments of this model, which would also improve the accuracy pf simulated 
charge/discharge cycling.  
As discussed throughout this thesis, the multi-stage reaction mechanism of the Li-S battery is 
in contention in the literature and is as of yet not finalised. The reaction mechanisms utilised 
in the two-stage and five-stage models are were selected based on the published literature 
investigating the reaction mechanism (as summarised in section 2.3.2.2 of this thesis). The 
five-stage reaction mechanism is among the most likely to be the true mechanism based on 
current understanding in the literature, and the simulation results matched the experimental 
data reasonably well. The models here do not consider the formation of radical species, which 
is seen in several in-situ experimental studies. It is therefore possible to update the model and 
write different reaction mechanisms into it, which can be done as part of future work of the 
group. 
In terms of the basic differences between the two models, it is clear that the main differences 
between the experimental data and the simulation are in the upper plateau. The two-stage 
model shows a clear plateau in the first stage, which is much flatter in shape when compared 
with the smooth experimental curve. This is not seen in the five-stage reaction model, which 
demonstrates a smoother curve throughout. The smooth experimental curve occurs due to 
the more gradual and simultaneous nature of the early stage reactions in a true battery, as the 
model assumes each reaction occurs separately. Future model refinement could incorporate 
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simultaneous reactions which may give an even smoother discharge curve. Another direct 
comparison between the two is the higher computational demand of the five-stage model, as 
well as the number of parameters it requires. Many more reaction kinetic parameters would 
need to be fitted, which increases the model development time. This is something that needs 
to be considered in future uses of the model, as the additional computing time would need to 
be justified. 
As mentioned previously, another difference between the two models presented in this chapter 
is the boundary condition used to determine the potential in the five-stage reaction model. This 
method was selected as it allowed for a sweeping change in potential, which aided the model 
in transitioning from one reaction to the next. The use of the alternative boundary condition 
used in the two-stage model caused successive plateaus for each reaction to form, and hence 
prevented transition between the middle reaction stages. The boundary condition used is 
identical to that of the supercapacitor model presented in Chapter 5, however it does not take 
into account the electrochemical potential of the reaction taking place, which should be the 
case in a battery model. This boundary condition can be justified where the reaction kinetics 
are fast (i.e. the formation of Li2S8 and Li2S), however is less valid for the principle reactions 
in the plateaus (i.e. the formation of Li2S4 and Li2S2). It is important to note this as a weakness 
of the five-stage reaction model and can be addressed as a part of future projects.  
In Elazari et al. (2011), the PSD of the sulphur impregnated Kynol ACF is determined using 
N2 adsorption. This PSD was discretised in this thesis and inputted in the simulations of the 
Li-S battery. However, subjecting the sulphur impregnated electrode to the vacuum and 
conditions required for the N2 adsorption may have caused sublimation of the sulphur, which 
means the experimentally obtained PSD may not be fully representative of the sulphur 
composite cathode. This is speculative however, and further PSD calculations would be 
needed to confirm this.  
 
6.6. Concluding remarks 
It can be concluded from the results in this chapter that the transient continuum 
electrochemical transport model developed in this project incorporating multiple pore sizes 
has the capability to be utilised in the simulation of any and all electrochemical energy storage 
devices. Secondly, it can be concluded that a model of multiple stage reactions gives a more 
accurate representation of an Li-S battery than a two-stage reaction model at the cost of 
additional computational demand. It is clear that incorporating different pore sizes and pore 
volumes is important to fully represent the activity in the battery as small accessible 
micropores have demonstrated to dominate the reaction processes here.  
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Whilst the reaction models presented in this chapter have been optimised to a particular set 
of experimental data, it is clear that in the future different configurations of batteries could be 
simulated if the required parameters are known. It is also possible to adjust the reaction 
mechanism to include additional features of the Li-S battery, such as the shuttling 
phenomenon or the inclusion of radical species in the reaction steps.  
 
Chapter 7: Simulations of the Electrochemical Transport in Lithium Oxygen Batteries and an 
Experimental Validation Study of a Lithium Oxygen Battery 
Joshua Bates   248 
 
7. Simulations of the Electrochemical Transport in 
Lithium Oxygen Batteries and an Experimental 
Validation Study of a Lithium Oxygen Battery 
7.1. Introduction 
In this chapter, the results for the simulation of the discharge of lithium oxygen batteries will 
be presented using the continuum mass transport model for a cathode with a specified PSD. 
In this chapter, two different Li-O2 batteries with the following configurations will be considered: 
 
• Li anode, glass fibre separator with an LiPF6 in DMSO electrolyte, and a porous TiC 
nanopowder based cathode. 
• Li anode, glass fibre separator with an LiPF6 in EC:DEC electrolyte, and a porous Kynol 
ACF 507-15 cathode. 
 
The structure of this chapter is as follows. Firstly, the results of the characterisation of cathode 
materials will be presented along with the materials’ PSDs. After this, the results of the 
simulation of a Li-O2 cell with a titanium carbide (TiC) coating cathode will be presented and 
compared with experimental data from the published literature (Thotiyl et al. 2013b). This will 
be followed by an experimental study of a Li-O2 battery utilising a Kynol ACF cathode carried 
out as a part of this project. Simulations of this cell configuration will follow, as well as a 
comparison between the predictions and the experimental data.  
 
7.2. Cathode material characterisation, pore size distribution, and 
model structure 
In this chapter, two different Li-O2 cathodes will be considered. The first cathode is based on 
a TiC coating, and the results of the characterisation of this material will be presented in this 
section. The second cathode material is the Kynol ACF 507-15, the characterisation of which 
is presented in section 5.2.1.  
 
7.2.1. Cathode coating of titanium carbide (TiC) – APS 40 nm 
7.2.1.1. Introduction  
TiC is used extensively in the literature as a cathode material for Li-air batteries due to its 
stability and high surface area, properties of which are desirable for optimal Li-air battery 
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activity. The coating characterised in this section contains 90 wt% TiC nanopowder with an 
average particle size of 40 nm supplied by Skyspring Nanomaterials, and the remaining 10 
wt% consists of a PTFE binder. The coating material and composition were taken from Thotiyl 
et al. (2013b), the experimental data of which will be used as validation for the simulation 
results presented in this chapter. The coating manufacture procedure is given in section 3.3 
of this thesis.  
 
7.2.1.2. SEM and AFM imagery of a TiC coating electrode 
The TiC nanopowder based coating electrodes were characterised with SEM and AFM 
imaging techniques following manufacture. SEM imagery was gained from a JEOL 7100F 
SEM and were then analysed using MATLAB. In the pore line model, as detailed in Chapter 4 
of this thesis, a large macropore feeds the reactants into the micropores which form the 
connected pore line. In order to build this structure, images of the macro scale TiC electrodes 
were analysed. Examples of these are seen in Figure 7-1. From these images, it is clear that 
clusters of the particles form within the coating and large spacing exists between these 
clusters. It was therefore concluded that the pore line structure would be built from intra particle 
pores on the powder surface (micropores), and the inter particle spaces between clusters of 
particles (macropores).  
 
 
Figure 7-1 – SEM images of the macro scale of the TiC electrode. 
 
It is important to determine the interparticle volume and spacing to ensure accurate 
representation of the large macropore for feeding of the reactants into the micro pore line. The 
total macropore volume was determined by turning the images into binary versions via Matlab, 
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and calculating an average value for the two-dimensional void spacing. The images of this 
can be seen in Figure 7-2. The average void volume fraction was calculated to be 0.49, and 
this value was used as the value for the macroporosity in this thesis.  
 
 
Figure 7-2 – Examples of SEM images following a binary filter and a subsequent edge filter. 
  
In order to gain an estimate for the macropore size, the edges of the particles were determined 
using a Sobel operator as part of image processing in MATLAB. From this, the interparticle 
Unedited                       Filtered                   Edge filtered  
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spacing for a range of different sizes was measured . This was carried out for pores of several 
different sizes and quantified. Examples of the edge filtering can be seen in Figure 7-2. This 
determined that an average overall value for a macropore to represent the interparticle spacing 
is approximately 500 nm. This was incorporated into the model built for this electrode.  
Following this, the micropore presence and structure were explored. Higher magnification 
images of the electrodes in order to observe this can be seen in Figure 7-3. These images 
clearly demonstrate that there are extensive pore structures present on the surfaces of the 
particles, particulary observable in Figure 7-3a.  This supports the model structure proposed 
in this chapter incorporating a hierarchical PSD.  
 
 
Figure 7-3 – High magnification images of a TiC nanopowder coating in order to examine the surface pore 
structures. 
 
Further analysis of the macropore and micropore structure was carried out using AFM on the 
TiC coating. In adverse to other samples analysed using this technique in this thesis, the 
(a) (b) 
(c) (d) 
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powdered nature of this sample meant that contact mode AFM (as detailed in section 3.4.4 of 
this thesis) damaged the sample and caused substantial artefacts in the image gained. 
Tapping mode prevented damage of the coating from the loss of powder and was therefore 
used here. Figure 7-4 shows a 5 x 5 µm square image of the TiC coating, and Figure 7-5 
demonstrates a 1 x 1 µm square image. Local clusters of the particles can be clearly seen in 
Figure 7-4, and trenches between the clusters can be clearly observed. As can be seen in 
Figure 7-6, the trenches are on average deeper than they are wide. This is indicative of cracks 
within the coating. However, as the two measures are of a similar scale, a cylindrical pore 
model was considered to be representative of the macropores.  
 
 
Figure 7-4 – A macro scale 3D AFM image of the TiC coating. Local clusters of the powder can be clearly observed, 
along with the trenches between the clusters.   
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Figure 7-5 – A micro scale 3D AFM image of the TiC coating. This shows a local cluster of the particles and many 
of the pore structures on the surface of the particles.  
 
 
Figure 7-6 – The section view of the 3D AFM image of Figure 7-4. The image shows the trenches measured and 
analysed in this sample. 
 
Further to this, higher resolution AFM was carried out to measure the presence of pores on 
the surface of the particles. However, due to the nanoscale nature of several of the pores, 
their direct measurement proved difficult. Roughness analysis was therefore carried out, which 
allows the estimate of the increase in surface area from the 2D sample area. As demonstrated 
in Table 7-1, there is typically a 37% increase in surface area from the 2D sample area due to 
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the surface structure of the TiC. It is also important to note that the average number of peaks 
per μm2 is given, which is indicative of the number of pores per unit surface area. This gives 
an average value of over 5000 pores/μm2.  
 
 
Figure 7-7 – Micro scale 3D AFM images of the particle surface of the TiC nanopowder coating.  
 
Table 7-1 – The results for the roughness measurements of the TiC coating.  
Sample no. Increase in surface area (%) Number of peaks per µm2 
1 43.3 6181 
2  19.5 7648 
3 11.5 10343 
4 93.9 907 
5 28.3 3427 
6 16.5 3427 
7  50.2 4213 
Average 37.6 5164 
 
From these images and analyses, it is clear that extensive micropores are present on the 
surface of the TiC nanoparticles. Quantitative information regarding the sizes of these pores, 
including their specific surface area, can be obtained from nitrogen adsorption/desorption 
experiments. The results of these are detailed in the next section of this chapter.  
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7.2.1.3. Nitrogen and carbon dioxide adsorption/desorption and PSD calculation 
In order to determine the PSD of the TiC coating, nitrogen adsorption/desorption at 77K was 
carried out on the TiC coating as detailed in the methodology described in section 3.4.2 of this 
thesis. The adsorption/desorption isotherm of the material was determined with nitrogen as 
the adsorbate using a BELSORP-Max by Dr Maurizio Laudone at the University of Plymouth.  
It is important to note that the sample analysed is the coating (the recipe of which is detailed 
in section 3.3), and not the pure TiC powder. Thus, this gives a closer representative of the 
pore structure of the electrode and will take into account any effect of the binder on the pore 
structure. The nitrogen adsorption/desorption isotherm can be seen in Figure 7-8. 
 
 
Figure 7-8 – The nitrogen adsorption/desorption isotherm of the TiC nanopowder coating.  
 
It is clear from the nitrogen adsorption/desorption curve that it most closely follows both a type 
1 and type 2 isotherm trend. This is indicative of a sample with high external surface area and 
a high incidence of micropores. There is also low hysteresis between the adsorption and 
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desorption curves, indicating the pores are readily accessible and present on the particle 
surface (MicrotracBEL Corp. 2015).  
Further to this method, adsorption measurements were also carried out using carbon dioxide 
as the adsorbate by Dr Maurizio Laudone at the University of Plymouth. Carbon dioxide is 
often used to determine adsorption/desorption isotherms because the molecule is able to 
access small micropores which are inaccessible to nitrogen. These pores are typically smaller 
than 0.7 nm, which nitrogen molecules cannot access at the low temperature (77 K) as the 
adsorbate molecular energy is too low to overcome the required activation energy to enter the 
pore. Carbon dioxide adsorption is typically carried out at 300 K, and as such smaller pores 
may be accessed. This method is however not suitable for determining surface area via the 
BET method due to the polarity of the CO2 molecule (Kim et al. 2016). The CO2 adsorption 
isotherm can be seen in Figure 7-9. 
 
 
Figure 7-9 – The CO2 chemisorption isotherm for the TiC nanopowder coating.  
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The shape of the CO2 adsorption isotherm is indicative of a mesoporous material, thus 
supporting the conclusion drawn from that of the nitrogen isotherm (Rashidi et al. 2016). 
Following the determination of these isotherms, the PSD of TiC was determined via the GCMC 
method as detailed in appendix A.2.3. It is however important to note that this is a qualitative 
calculation and may not be an accurate representation of the PSD. The reason for this is that 
the method assumes that the surface area is pure carbon, which will not necessarily be the 
case in TiC. The face centred cubic structure of TiC means that the surface of TiC will always 
consist of a mix of both titanium and lithium (Wang et al. 2014). As such, assuming that the 
surface area is pure carbon may lead to inaccuracies in the PSD determination. Methods 
around this go beyond the scope of this project, therefore the assumption was made that this 
PSD calculation is representative and thus was inputted in the program presented in this 
thesis. Initially, two PSDs were calculated; one using the nitrogen isotherm and the other using 
the carbon dioxide isotherm. Both were assumed to follow the slit pore model using the GCMC 
method. This gave two PSDs representing the pores in the micro and meso scale.  
As mentioned previously, the macropore that feeds the species into the micropores was 
assumed to follow the cylindrical pore model. Thus, another version of the PSD was calculated 
using the cylindrical pore model and the GCMC method from the nitrogen adsorption isotherm. 
In order to fully represent the PSD of TiC, all of the above versions were combined. Based on 
the nature of the calculation, the pores in the micro scale were best represented by the PSD 
calculated from the CO2 adsorption isotherm using the slit pore model. On the meso scale, the 
PSD was determined from the nitrogen adsorption isotherm using the slit pore model, and on 
the macro scale from the nitrogen adsorption isotherm using the cylindrical pore model. This 
gives a PSD stretching across all of the required scales to offer a full representation of the 
material. This PSD can be seen in Figure 7-10. In this Figure, a 19-point simplified version 
can be seen which was used as the input data for the simulation of the Li-O2 cell to incorporate 
the PSD of the TiC coating. The PSD expressed by the respective cumulative pore volumes 
can be seen in Figure 7-11.  
Further to this, BET theory was used (as per the method detailed in appendix A.2.2) to 
determine a value of the specific surface area of the coating material. This was found to be 50 
m2/g, which will be used in the simulation presented in this chapter. This value is in line with 
the value for the pristine TiC material given by the manufacturer (Skyspring Nanomaterials 
2016). 
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Figure 7-10 – The overall PSD of the TiC nanopowder based coating.  
 
 
Figure 7-11 – The cumulative overall PSD of the TiC nanopowder based coating.  
 
7.2.2. Model structure 
The identical model structure detailed previously has been utilised in both simulations in this 
chapter, where at each point in the cathode a hierarchical pore line is fed by a large cylindrical 
macropore reservoir. A representative of this is seen in Figure 4-10, and the model structure 
during battery discharge in Figure 4-11. Reactions occur within the pores and the insoluble 
lithium peroxide deposits on to the pore surface area. Pores too small to accept a lithium ion, 
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oxygen molecule, or a lithium peroxide molecule do not take part in the reaction and thus do 
not accept a lithium peroxide deposit on the pore surface area. As detailed in section 4.4.3.2, 
the thickness of the Li2O2 layer that settles on the pore surfaces increases over time. Should 
the lithium peroxide layer build up such that it blocks a pore, the rate of the reaction in that 
pore is set to zero. This is demonstrated in Figure 4-11. 
As with the models presented in previous chapters in this thesis, a number of assumptions 
were made. These are detailed as follows:  
• At the beginning of discharge, the concentrations of both lithium ions and oxygen 
molecules are uniform in all pore sizes at all nodes.  
• The initial concentration of oxygen assumes full saturation of the electrolyte based on 
the solubility of oxygen in the respective solvents.  
• The reaction rate is uniform in all pore sizes at each stage, and the deposition of lithium 
peroxide is uniform on all of the cathode surface area. 
• The electrolyte fully floods all pores, including the macropore. 
• Formation of Li2O2 follows a single stage reaction only.  
• The reactions at all stages are isothermal.  
 
7.2.3. Input data summary 
In this section, the parameters utilised in the models presented in this chapter will be listed 
and defined. Table 7-2 presents the general parameters defining the TiC based electrode 
utilised in the equations, and Table 7-3 presents effective coefficients which are dependent 
on the pore sizes of the PSD given in Figure 7-10. TiC itself has a face-centred cubic crystalline 
structure, which means that the conductivity of the material is dependent on the orientation of 
the crystal (i.e. titanium facing or carbon facing) (Shul'pekov and Lyamina 2011). As the 
orientation is unknown, an average value is taken which is calculated from the electrical 
resistivity of the material.  
 
Table 7-2 – The general parameters applied to the TiC based model presented in this chapter. 
Symbol Description  Value Units Reference 
𝑐𝐿𝑖
0  Initial concentration of lithium 500 mol/m
3 
(Sahapatsombut 
et al. 2013b) 
𝑐𝑂2
0  Initial concentration of oxygen within 
the electrolyte 
2.04 mol/m
3 
Calculated 
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𝑑𝐿𝑖2𝑂2 Density of Li2O2 2140 kg/m
3 (Sahapatsombut 
et al. 2013b) 
𝑀𝑊𝐿𝑖2𝑂2 Molecular weight of Li2O2 21.79 mol/k
g 
(Sahapatsombut 
et al. 2013b) 
𝑖0 Discharge current density  10 A/m2 (Thotiyl et al. 
2013b) 
𝐷𝐿𝑖 Diffusion coefficient of lithium ions 1.14x10
-12 m2/s Calculated  
𝐷𝑂2 Diffusion coefficient of oxygen 
molecules 
1.38x10-12 m2/s Calculated  
𝐸𝑣,𝐿𝑖2𝑂2
0  Electrochemical potential for the 
formation of Li2O2 
2.96 V (Sahapatsombut 
et al. 2013b) 
𝜎𝑇𝑖𝐶 Conductivity of the TiC nanopowder 5.55x10
5 S/m (Shackelford and 
Alexander 2001) 
𝑙𝑇𝑖𝐶 Thickness of the TiC coating  5.8x10
-4 m Calculated 
𝑤𝑇𝑖𝐶 Specific weight of the TiC coating 39.9 g/m
2 (Thotiyl et al. 
2013b) 
𝑎𝑇𝑖𝐶  Active specific surface area of the TiC 
coating  
50 m2/g Calculated 
 
Table 7-3 – The values of the pore widths, volumes and effective parameters for the PSD of the TiC nanopowder 
coating presented in Figure 7-10. 
Pore width 
(nm) 
Pore 
volume 
(m3/kg) 
𝜺 𝑫𝑳𝒊,𝒆𝒇𝒇 
(m2/s) 
𝑫𝑶𝟐,𝒆𝒇𝒇 
(m2/s) 
𝒌𝒆𝒇𝒇 (S/m) 𝝈𝒆𝒇𝒇  
(S/m) 
500 6.20x10-3 0.496 3.99x10-13 4.82x10-13 2.6x10-3 1.99x105 
212 1.77x10-6 1.42x10-4 1.92x10-18 2.32x10-18 6.08x10-14 5.55x105 
197 9.12x10-6 7.30x10-4 2.25x10-17 2.72x10-17 8.32x10-12 5.55x105 
117.3 8.40x10-6 6.72x10-4 1.99x10-17 2.40x10-17 6.50x10-12 5.55x105 
107 3.59x10-6 2.87x10-4 5.56x10-18 6.71x10-18 5.07x10-13 5.55x105 
92.3 2.50x10-6 2.00x10-4 3.23x10-18 3.90x10-18 1.71x10-13 5.55x105 
82.3 2.81x10-6 2.25x10-4 3.85x10-18 4.65x10-18 2.43x10-13 5.55x105 
72.3 4.45x10-6 3.56x10-4 7.67x10-18 9.27x10-18 9.66x10-13 5.55x105 
47.3 8.78x10-6 7.02x10-4 2.13x10-17 2.57x10-17 7.42x10-12 5.55x105 
22.3 8.16x10-6 6.53x10-4 1.90x10-17 2.30x10-17 5.96x10-12 5.55x105 
7.33 3.69x10-6 2.95x10-4 5.79x10-18 7.00x10-18 5.51x10-13 5.55x105 
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3.13 5.70x10-8 4.56x10-6 1.11x10-20 1.34x10-20 2.03x10-18 5.55x105 
1.48 1.41x10-6 1.13x10-4 1.37x10-18 1.65x10-18 3.07x10-14 5.55x105 
1.02 6.55x10-7 5.24x10-5 4.33x10-19 5.23x10-19 3.08x10-15 5.55x105 
0.88 6.29x10-7 5.03x10-5 4.08x10-19 4.92x10-19 2.73x10-15 5.55x105 
0.38 4.84x10-7 3.87x10-5 2.75x10-19 3.32x10-19 1.24x10-15 5.55x105 
0.34 4.58x10-7 3.66x10-5 2.53x10-19 3.06x10-19 1.05x10-15 5.55x105 
0.30 3.25x10-7 2.60x10-5 1.51x10-19 1.83x10-19 3.76x10-16 5.55x105 
0.27 1.59x10-7 1.27x10-5 5.18x10-20 6.26x10-20 4.41x10-17 5.55x105 
0.25 2.30x10-8 1.84x10-6 2.85x10-21 3.44x10-21 1.33x10-19 5.56x105 
 
Table 7-4 defines several of the parameters pertaining to the Kynol ACF Li-O2 model 
presented in this chapter. As the material is identical to that presented in Chapter 5 of this 
thesis, many of the parameters that were defined in Table 5-1 (in Chapter 5) also apply to this 
model. Table 7-5 shows the porosity and effective parameters pertaining to each of the pore 
sizes in this PSD.  
 
Table 7-4 – The general parameters applied to solve the Kynol ACF Li-O2 battery algorithm presented in this 
chapter. 
Symbol Description  Value Units Reference 
𝑐𝐿𝑖
0  Initial concentration of lithium 1000 mol/m3 (Sigma Aldrich 
2019) 
𝑐𝑂2
0  Initial concentration of oxygen within 
the electrolyte 
3.28 mol/m3 Calculated 
𝑖0 Discharge current density  10 A/m2 (Thotiyl et al. 
2013b) 
𝜕𝑓
𝜕 ln 𝑐𝐿𝑖
 
Thermodynamic coefficient of the 
formation of Li2O2 
-1.03 - (Sahapatsombut 
et al. 2013b) 
𝐷𝐿𝑖 Diffusion coefficient of lithium ions 5.47x10
-13 m2/s Calculated  
𝐷𝑂2 Diffusion coefficient of oxygen 
molecules 
6.61x10-13 m2/s Calculated  
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Table 7-5 – The values for the pore widths, volumes and effective parameters for the Kynol ACF.  
Pore 
width 
(nm) 
Pore 
volume 
(m3/kg) 
𝜺 𝑫𝑳𝒊,𝒆𝒇𝒇 (m
2/s) 𝑫𝑶𝟐,𝒆𝒇𝒇 (m
2/s) 𝒌𝒆𝒇𝒇 
(S/m) 
𝝈𝒆𝒇𝒇  
(S/m) 
500 2.71x10-3 0.65 2.89x10-13 3.49x10-13 5.7x10-3 0.72 
119.66 4.00x10-7 9.64x10-5 5.18x10-19 6.26x10-19 1.84x10-14 3.52 
12.30 1.00x10-6 2.41x10-4 2.05x10-18 2.47x10-18 2.87x10-13 3.52 
3.27 1.00x10-5 2.41x10-3 6.47x10-17 7.82x10-17 2.87x10-10 3.51 
1.70 9.00x10-5 0.02 1.75x10-15 2.11x10-15 2.09x10-7 3.41 
1.51 6.02x10-5 0.01 9.56x10-16 1.16x10-15 6.26x10-8 3.44 
1.31 1.05x10-4 0.03 2.20x10-15 2.66x10-15 3.32x10-7 3.39 
1.06 7.40x10-5 0.02 1.30x10-15 1.57x10-15 1.16x10-7 3.43 
0.91 2.50x10-5 6.02x10-3 2.56x10-16 3.09x10-16 4.48x10-9 3.49 
0.79 4.00x10-5 9.64x10-3 5.18x10-16 6.26x10-16 1.84x10-8 3.47 
0.64 1.20x10-4 0.03 2.69x10-15 3.25x10-15 4.96x10-7 3.37 
0.58 5.20x10-5 0.01 7.68x10-16 9.28x10-16 4.04x10-8 3.45 
0.46 5.00x10-5 0.01 7.24x10-16 8.75x10-16 3.59x10-8 3.46 
 
7.3. Simulated discharge of a Li-O2 battery with a TiC coating based 
cathode 
7.3.1. Reaction kinetics for a TiC coating based cathode 
In this section, the results of the simulated discharge of the Li-O2 battery with a TiC coating 
based cathode are presented. The discharge model included only the Li2O2 redox reaction 
without any LiO2 intermediate. Table 7-6 presents the values of the fitted reaction coefficients 
and the fitted effective conductivity parameter for the Li2O2 film. 
 
Table 7-6 – The reaction coefficients and the effective conductivity parameter used in the Li-O2 battery algorithm 
using a TiC coating based cathode. 
Symbol Description  Value Units Reference 
𝑘𝑎,𝐿𝑖2𝑂2 Anodic reaction coefficient – 
formation of Li2O2 
1.15x10-24 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑂2 Cathodic reaction coefficient – 
formation of Li2O2 
2.22x10-28 m7/s Fitted 
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𝑘𝑑𝐿𝑖2𝑂2 Effective conductivity parameter – 
due to the formation of Li2O2 
0.1 - Fitted 
 
7.3.2. Results for the simulation using a TiC coating based electrode 
7.3.2.1. Galvanostatic discharge results 
Figure 7-12 presents a comparison between the simulated first discharge curve of the Li-O2 
battery with a TiC coating cathode and the corresponding experimental discharge curve from 
(Thotiyl et al. 2013b).  
 
 
Figure 7-12 – The comparison between the simulated (from this project) and experimental discharge curve (Thotiyl 
et al. 2013b) of an Li-O2 battery with a TiC coating cathode. 
 
It is clear that this model is able to accurately predict the electrochemical processes for the 
major part of the discharge curve, mainly in the plateau region. The prediction also agrees 
with the total capacity in the experimental data, where the discharge was stopped in the 
simulation when the Li+ was fully consumed. However, the prediction does not follow the 
slower potential drop in the experimental curve at the beginning of the discharge (over 
approximately the first 29 mAh/gTiC). This follows the same trend seen in the two-stage 
reaction model for the Li-S battery seen in section 6.3 of this thesis.  
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It is possible that at the beginning of the discharge a two-stage reaction pathway dominates 
in the Li-O2 battery, where LiO2 is an intermediate. An example of this reaction pathway is 
seen in Equation 7-1. 
𝐿𝑖+ + 𝑂2 + 𝑒
− → 𝐿𝑖𝑂2 + 𝐿𝑖
+ + 𝑒− → 𝐿𝑖2𝑂2 (7-1) 
As seen in the literature, the typical electrochemical potential for the formation of LiO2 is higher 
than that of the formation of Li2O2. This is why Li2O2 is typically the species which forms at the 
discharge plateau. When the cathode was examined at the end of discharge in Thotiyl et al. 
(2013), the only product detected was Li2O2 (besides 0.3% of the total product being Li2CO3). 
This means that any LiO2 formed on discharge would have converted to Li2O2 by the end of 
discharge, or that direct formation of Li2O2 is the only reaction mechanism within the 
experimental cell.  
There is further disagreement between the prediction and the experimental data towards the 
end of discharge where the experimental discharge curve falls more gradually than the 
simulated curve. One reason for this may be that the simplistic Li2O2 deposition model followed 
in this study does not represent the true Li2O2 deposition. This will be discussed in more detail 
later.  
 
7.3.2.2. The effect of pore size on the Li2O2 concentration during discharge 
In this section, the change in concentration of Li2O2 throughout discharge is investigated. This 
was predicted to be in line with the results gained for the lithium sulphur battery models 
presented in Chapter 6 of this thesis. The predicted concentration of Li2O2 in the different pore 
sizes throughout discharge of this battery can be seen in Figure 7-13. 
From Figure 7-13, it is clear that the concentration of the Li2O2 deposit increases uniformly 
during discharge for all pore sizes. High Li2O2 concentrations are predicted in the mesopore 
of size 3.13 nm, followed by micropores of 0.27-1.48 nm. The large cylindrical macropore of 
500 nm is used as an Li+ ion reservoir and for the quick transport of Li+ ions and O2 molecules, 
rather than the formation of Li2O2. This is due to the reduced specific surface area compared 
to that of the small micropores.  
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Figure 7-13 – The predicted change in concentration of the Li2O2  solid deposit in different pore sizes throughout 
the discharge of the Li-O2  battery with a TiC coating cathode.  
 
7.3.2.3. The effect of the pore size on the transfer current density in the cathode 
on discharge 
The transfer current density in this model defines the link between the overpotential in each 
pore and the current density acting on the electrode. The simulated transfer current density is 
presented as a series of profiles for each of the pore sizes at each stage of discharge in Figure 
7-14.  
The profiles of the transfer current density clearly demonstrate that the transfer current density 
increases in magnitude towards the air side of the electrode for all pores, and also increases 
in magnitude during discharge. As well as this, the magnitude increases largely at the end of 
discharge due to the increase in overpotential, as discussed previously. This encourages the 
end of the discharge of the battery. These profiles are interesting as they demonstrate the 
effect of the macropore on the individual pore sizes at each node, and that this pore is the last 
to fill with Li2O2 at the end of discharge. This will be discussed further later.  
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Figure 7-14 – The simulated profiles of the transfer current density in each of the different pore sizes at different 
stages of discharge. 
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7.3.3. TiC coating cathode model discussion 
From the results presented in this chapter it is clear that the model presented is able to 
accurately predict the discharge capacity of a Li-O2 battery, and that the pore line model is 
able to accurately represent the pore structure of the TiC coating cathode. Based on the 
results of the discharge profile, it can be concluded that the end of discharge is caused by the 
increase in concentration of the discharge product lithium peroxide which blocks the pore lines 
in the cathode.  
The capability of this model to consider the transport and redox reactions of the species (Li+ 
ions and oxygen molecules) in different pore sizes has proved to be beneficial. Figure 7-14 
demonstrates the dominant effect of the larger pores on the transfer current density, whereas 
Figure 7-13 reaffirms that the macropore acts as a reservoir and facilitates fast transport of 
the species. The micropore contribution comes from their large specific surface area, which 
facilitates interfacial redox reactions and thus the formation of Li2O2.  
Improvements in the model of the Li-O2 battery with a TiC coating cathode could include a 
two-stage reaction pathway for the formation of Li2O2, where LiO2 acts as an intermediate. 
Such model improvements need to be couples with detailed experimental studies of the 
reaction kinetics to ensure that this is representative of the true pathway, such as an in-situ 
study. No such study for this particular configuration has been seen but is beyond the scope 
of this project.  
Something else to consider is the deposition model utilised in this simulation, where it is 
assumed that the Li2O2 discharge product deposits uniformly on the surface of all of the pores. 
In Thotiyl et al. (2013) SEM imagery of the post-discharge cathode demonstrated a complex 
Li2O2 deposit with a fibrillar morphology, where the fibrils bridged the gaps between pores on 
the TiC particles and formed ribbon-like clusters over the TiC particle surface. This 
complicates the simulated Li+ ion transport, as the simple uniform layer structure does not 
reflect a complex deposition. This may explain the discrepancy in the simulation and 
experimental discharge curves at the end of the discharge. An update to this model in future 
versions could look at a more complex change in PSD of the cathode at multiple stages of 
discharge, which would aid greater understanding of the true Li2O2 deposition mechanism.  
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7.4. Experimental results and simulation of the discharge of a Li-O2 
battery with a Kynol ACF cathode 
7.4.1. Experimental study of a Li-O2 battery with a Kynol ACF cathode 
The second case study presented in this chapter is that of a Li-O2 battery consisting of a lithium 
electrode (anode), a 1 M LiPF6 in EC:DEC electrolyte, and a Kynol ACF electrode (cathode). 
Both computer simulations of the discharge and an experimental study were carried out for 
this battery, where the simulation results were compared to the experimental discharge curve. 
The battery assembly methodology was detailed in section 3.5.1 of this thesis. Battery testing 
was carried out using a Solartron Analytical 1470E and consisted of galvanostatic 
charge/discharge cycling of this battery, EIS, and post-mortem analysis of the cathode to verify 
the existence of the discharge product.  
Kynol ACF has not been used extensively in the literature as a cathode for Li-O2 batteries, and 
as such the model developed for this project requires in-house validation. ACF was chosen 
as a cathode material due to the hierarchical porous structure being able to facilitate diffusion 
of the reactants, as well as the large specific surface area. The latter would allow for interfacial 
redox reactions and deposition of a large amount of discharge product, and thus allow for a 
high capacity. Liu et al. (2013) presented a Li-O2 battery with a carbon cloth electrode modified 
with a NiCo2O4 nanowire array, and also present a cell utilising a pure carbon cloth electrode. 
This demonstrated a high initial capacity of approximately 500 mAh/g, with however low 
capacity retention on cycling.   
 
7.4.1.1. Galvanostatic discharge results 
Following assembly of the cell and oxygen flooding with oxygen (as detailed in section 3.5.1), 
the battery was removed from the oxygen line and connected to the Solartron Analytical 
1470E. The working electrode was on the cathode side (Kynol ACF), and the counter electrode 
was on the anode side (lithium). A current of 0.06 mA was used as this was calculated to be 
0.01 C of the theoretical maximum capacity of the battery (based on the Kynol ACF). The 
concept of GCD is detailed in section 3.6.4 of this thesis. The results for the first two GCD 
cycles of this cell are seen in Figure 7-15. 
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Figure 7-15 – GCD results for a Li-O2 battery with a Kynol ACF cathode cycled at 0.06 mA (0.53 A/m2).  
 
These cycles exhibit mostly capacitive behaviour, where a small plateau is only observed in 
the first discharge curve. This suggests that the formation of any discharge product is not 
reversible. The plateau in the first discharge curve suggests formation of a discharge product 
between 2.9 and 2.6 V, where the plateau for Li2O2 is expected to be. Post mortem analysis 
was carried out on the cathode after discharge to confirm what this product was, which is seen 
in section 7.4.1.3 of this thesis. 
The achieved discharge capacity of approximately 200 mAh/gcarbon is lower than that of the 
typically observed capacity seen in the literature, which is typically observed to be in the order 
of 700-1000 mAh/gcarbon. There are likely several reasons for this. Though every effort was 
made to ensure moisture and other contaminates were not present in the cell, it is possible 
that the cell components were contaminated prior to (or during) assembly. This may have 
happened through exposure to other chemicals whilst in the argon glove box, or through the 
oxygen impregnation process. The oxygen lines were flooded prior to impregnation, but this 
may not remove all contaminants. These results will be discussed further later.  
 
7.4.1.2. EIS results 
EIS was carried out on the battery prior to the GCD cycling seen in the previous section, and 
after the oxygen impregnation. The concept of EIS is detailed in section 3.6.2 of this thesis. 
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This was carried out to ensure that the cell was assembled currently and was stable prior to 
testing the cell. The EIS results can be seen in Figure 7-16.  
This Nyquist plot demonstrates low contact resistance of the cell due to the high conductivity 
of the Kynol ACF. Further to this, the semi-circle suggests that the charge transfer resistance 
of the reaction is in the order of 400 Ω, which in this case will be the resistance to the charge 
transfer between the liquid electrolyte and the solid cathode. The tail section does not show a 
direct linear relationship, suggesting that there is an inhibition of mass transport in the 
electrolyte used. What is clear however is that the tail section demonstrates a larger area than 
the semi-circle, suggesting that the pores of the cathode are readily accessible to the 
electrolyte (Fields 2017).  
 
 
Figure 7-16 – EIS results for a Li-O2 battery with a Kynol ACF cathode. 
 
7.4.1.3. Post-mortem analysis of the cathode  
Following GCD cycling, after the final discharge the Kynol ACF electrode was analysed using 
SEM, EDX, and XPS. SEM was carried out using the Jeol 7100F SEM to qualitatively show 
the micro structure of any discharge product. The principles of SEM are detailed in section 
3.4.3 of this thesis. Examples of this can be seen in Figure 7-17b and Figure 7-17d, along with 
a comparison with the pristine surface area of a Kynol ACF sample (Figure 7-17a and Figure 
7-17c).  
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Figure 7-17 – SEM images of the pristine Kynol ACF surface (a, c) and the post-discharge Kynol ACF surface (b, 
d).  
 
In these images, an amorphous deposit can clearly be seen to have settled on the fibre 
surfaces and in between the fibres. To verify what the composition of the sample is, EDX was 
carried out using the JEOL 7100F SEM. This method is detailed in section 3.4.6 of this thesis. 
The spectra of an area of the crystalline deposit between fibres can be seen in Figure 7-18. 
The predominant peaks are seen to be phosphorus, oxygen, and carbon. The composition of 
these elements by wt% are reported to be: 19.5 wt% carbon, 10.6 wt% of oxygen, 16.2 wt% 
of fluorine, and 41.7 wt% phosphorous. This translates to atomic ratios of 1.625: 0.663: 0.853: 
1.345 for C:O:F:P respectively.  
These results suggest the presence of the electrolyte salt (originally LiPF6), however the ratio 
of P:F is far away from 1:6. The hexafluorophosphate ion has been demonstrated to be stable 
in aqueous conditions in non-extreme temperatures, so the reasoning for this is unclear (Freire 
et al. 2010). The peak of silicone is not expected in this sample and occurs due to silicone 
phosphorescence from the detector used.  
(a) (b) 
(c) (d) 
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One important factor to note is the capability of EDX in detecting lithium. Due to the size of the 
probe, EDX is unable to detect lithium and any elements smaller than this. Further analysis 
using more precise instrumentation was required to investigate the presence of Li2O2. 
 
 
Figure 7-18 – An example EDX spectra of the post-discharge Kynol ACF Li-O2 battery cathode.  
 
Further to this, it is important to determine where the deposition occurs within the fibre 
structure. This was carried out by element mapping examples of the SEM images. Element 
mapping is useful in determining the spatial locations of different elements in a sample in order 
to qualitatively verify where the discharge product is deposited. This was carried out on the 
sample using a Hitachi SEM S-3200N. Examples of this can be seen in Figure 7-19.  
 
 
 Carbon  Oxygen 
 Fluorine   Phosphorous  
Figure 7-19 – Examples of element maps of the post-discharge Kynol ACF Li-O2 battery electrode. 
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The element map examples show clear presence of the carbon fibre structure and 
demonstrate that the deposit between the fibres are predominantly crystals from the LiPF6 
electrolyte salt. Oxygen is deposited evenly over the fibre surfaces in small speckles (possibly 
corresponding to the micropores), suggesting that Li2O2 or LiO2 deposits directly on the 
surface of the fibres or within the micropores. However, it is difficult to confirm that this 
indicates lithium oxides as the presence of lithium cannot be detected with EDX. The 
conclusion can however be drawn that the oxygen was able to fully disperse and impregnate 
the electrolyte, thus helping to validate the method used.  
A more accurate characterisation method was then used in the form of XPS. This method is 
detailed in section 3.4.5 of this thesis. In order to carry out a full quantitative analysis of the 
XPS spectra, a spectrum of the pristine Kynol ACF electrode was first acquired. The survey 
spectrum is presented in Figure 7-20, and the high resolution spectra of the core levels of the 
elements detected are shown in Figure 7-21. Table 7-7 presents the quantitative surface 
analysis of the Kynol ACF along with the identification and binding energies of the individual 
peaks. It is clear from this that the dominant element is carbon, represented by the C1s peak 
at 285 eV. The presence of oxygen from the O1s peak at approximately 533 eV is indicative 
of an organic C-O bond, which is likely down to the activated surface of the Kynol ACF. Within 
the high resolution spectra, the signal to noise ratio can be seen to be lower in the Ca2p and 
Si2p peaks, where doublet peaks can be observed, in the case of the Ca2p this is the spin 
orbit splitting of the 2p level as the 2p3/2 (347 eV) and the 2p1/2 (351 eV).  The Si2p peals 
represent a chemical shift of the spectrum (as the 2p is not resolvable for this element), and 
represents a silicone component (possibly poly dimethyl siloxane and silica as indicated on 
the spectrum. These are labelled in Figure 7-21 (Thermo Scientific 2013).  
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Figure 7-20 - XPS spectrum of the pristine Kynol ACF cathode. 
 
 
Figure 7-21 – Peaks taken from the XPS spectrum of the pristine Kynol ACF cathode. 
 
 
CKLL 
OKLL FLKLL 
F1s 
O1s 
Ca2p 
C1s 
Si2s 
P2p 
Si2p 
2p 1/2 
2p 3/2 
Organic Si 
SiO2 
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Table 7-7 – Peak data from the XPS spectrum of the pristine Kynol ACF cathode. 
Peak name Binding Energy  (eV) Surface Concentration (Atomic %) 
C1s 284.6 93.0 
Ca2p 348.3 0.2 
F1s 686.0 1.2 
O1s 532.9 4.7 
P2p 135.9 0.3 
Si2p 104.0 0.5 
 
The XPS survey spectrum of the post-discharge cathode sample can be seen in Figure 7-22, 
the with the associated high resolution peaks detailed in Figure 7-23, and the quantitative 
analysis given in Table 7-8. In this, the sharp peak at 686.9 eV corresponds to fluorine 1s, 
along with the KLL Auger electron peaks for this element observable at ~830 eV and ~860 eV. 
This is indicative of elemental non-flouride fluorine. The peak at 532.8 eV corresponds to 
oxygen 1s. The oxygen state does not indicate the existence of peroxide, as the peak is 
expected to be in the region of 531.2 eV – 531.7 eV (Yao et al. 2013, Guéguen et al. 2016). 
The value of this peak is indicative of a C-O bond, as is also seen in the spectrum for the 
pristine Kynol ACF. It can therefore not be concluded that Li2O2 is present in the cathode from 
this peak alone. To confirm the presence of a peroxide, further spectroscopy data is needed.  
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Figure 7-22 - XPS spectrum of the post-discharge Kynol ACF Li-O2 battery electrode. 
 
 
Figure 7-23 - Peaks taken from the XPS spectrum of the post-discharge Kynol ACF Li-O2 battery electrode. 
 
Table 7-8 - Peak data from the XPS spectrum of the post-discharge Kynol ACF Li-O2 battery electrode. 
Peak name Binding Energy (eV) Surface Concentration (Atomic %) 
Al2p 75.9 2.3 
C1s 285.0 6.3 
Na1s 
FKLL 
Co2p 
F1s 
O1s 
C1s 
Li1s 
P2s 
P2p 
Ca2p 
O2s 
F2s Co3p 
Co3s 
Chapter 7: Simulations of the Electrochemical Transport in Lithium Oxygen Batteries and an 
Experimental Validation Study of a Lithium Oxygen Battery 
Joshua Bates   277 
 
Ca2p 348.8 0.2 
Co2p3 781.5 0.9 
F1s 686.9 45.7 
Li1s 56.6 18.8 
O1s 532.8 17.3 
P2p 135.8 7.6 
Si2p 105.1 1.0 
 
The next peak to consider is that of lithium 1s, which is observed at 56.55 eV. Lithium has an 
extremely low cross section in XPS and typically requires a high number of scans (>50) to 
provide a spectrum with high counting statistics which will provide increased confidence in the 
concentration of this element that has been determined.  However in this case the 
concentration of lithium is significant and the usual acquisition protocol has yielded a clearly 
defined peak with a good signal to noise ratio, as shown in Figure 7-23.  For this reason 
extended acquisition was not used for the Li1s.  The expected peak position for lithium in the 
peroxide state is 54.5 eV – 55 eV (Yao et al. 2013, Guéguen et al. 2016). The position of the 
Li1s peak does not indicate unambiguously the presence of the peroxide ion, so it is not 
possible to conclude from this result that Li2O2 is present in the post-discharge electrode.   
By surface concentration, fluorine is by far the most abundant element. This is expected based 
on the conclusions drawn from the element mapping also carried out. The F:P ratio in this 
spectrum is 6:1, confirming the presence of the PF6- anion. Assuming that this is indicative of 
the presence of the LiPF6 salt, it can be assumed that 7.64% of the lithium present in the 
sample is part of the electrolyte salt. This means that 11.12 wt% of the lithium is considered 
to be in a different form. Based on the spectrum for the pristine Kynol ACF, the ratio of carbon 
to oxygen in the pristine material is 19:1. This means that 0.32 wt% of the oxygen present in 
the post-discharge cathode can be attributed to the Kynol ACF itself. The atomic ratio of the 
remaining lithium to the remaining oxygen is 1:1.5.  
This ratio may be indicative of a number of different compounds. The desired product, Li2O2, 
has a ratio of 1:1. LiO2, which may be present as an intermediate, has the atomic ratio 1:2. 
Another possibility is that of the existence of lithium carbonate (Li2CO3), which has an atomic 
ratio of 1:1.5. This most closely matches the result seen here, indicating the likely presence of 
parasitic side reactions. This may also indicate remnants of the EC:DEC electrolyte solvent in 
the sample. From this, it is therefore difficult to conclude the presence of the discharge 
products LiO2 and Li2O2. If these products are indeed present in the cell, they exist in an 
unknown quantity in terms of a ratio to one another. This will be discussed further later.  
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7.4.1.4. Li-O2 battery with a Kynol ACF cathode experimental study discussion 
With a discharge capacity of approximately 200 mAh/g achieved, the battery demonstrated 
lower than the capacity achieved in the literature for similar battery structures. It is also clear 
from the characterisation techniques utilised that it cannot be concluded that the battery 
presented here exclusively produces the assumed discharge product Li2O2, commonly 
considered for carbon-based cathodes. Instead, a mixture of oxides is most likely produced, 
as well as parasitic carbonates. What is clear from this result is that pure Kynol ACF is not an 
appropriate material for the cathode of an Li-O2 battery as it may promote the formation of 
carbonates.  
The experimental discharge curve also showed a significant amount of noise. This could be 
down to parasitic side reactions of lithium with contaminants such as moisture or groups 
present on the carbon cathode surface. Every effort was made to prevent contamination, but 
as the XPS data demonstrates there was a likely formation of undesired product.  
There is also a case for the justification of the materials used in the battery. For the anode, 
pure lithium foil was used. An alternative was to mix a LiFePO4 based slurry with a binder to 
coat onto a current collector as this helps to improve stability (as discussed in Chapter 2). 
However, this adds an additional unknown to the cell as there is no dependent variable. 
Keeping the anode as lithium prevents this. The electrolyte utilised was the commercially 
available LiPF6 in EC:DEC as detailed in Chapter 3 of this thesis. Carbonate solvents have 
been demonstrated in the literature as being conductive and stable in Li-ion battery systems, 
however they have also shown instability and degradation in Li-O2 battery systems 
(McCloskey et al. 2011). This may have contributed to the fact that on cycling the discharge 
capacity of the battery dropped from an initial value of 200 mAh/gcarbon to 100 mAh/gcarbon.  
 
7.4.2. Results for the simulation using a Kynol ACF electrode 
7.4.2.1. Reaction kinetics for a Kynol ACF electrode 
In this section, the results of the simulation of a Li-O2 battery configuration with a Kynol ACF 
cathode will be presented, replicating the experimental cell studied in section 7.4.1. This 
algorithm incorporated the pore line model for the Kynol ACF cathode electrode with a pore 
size distribution as detailed in Table 7-5. The discharge model included a single stage reaction 
where Li2O2 forms directly with no intermediates. Table 7-9 defines the fitted reaction 
coefficients and fitted effective conductivity factor for the Li2O2 film. 
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Table 7-9 – Reaction coefficients and effective conductivity factor for the Li-O2 battery model with a kynol ACF 
cathode.  
Symbol Description  Value Units Reference 
𝑘𝑎,𝐿𝑖2𝑂2 Anodic reaction coefficient – 
formation of Li2O2 
9.38x10-18 m/s Fitted 
𝑘𝑐,𝐿𝑖2𝑂2 Cathodic reaction coefficient – 
formation of Li2O2 
4.71x10-22 m7/s Fitted 
𝑘𝑑𝐿𝑖2𝑂2 Effective conductivity parameter – 
formation of Li2O2 
0.1 - Fitted 
 
7.4.2.2. Galvanostatic discharge results  
Figure 7-24 presents the simulation results of the discharge curve compared with the 
experimental first discharge curve of the Li-O2 battery as described in section 7.4.1.  
 
 
Figure 7-24 - The comparison between the simulated and experimental discharge curve of an Li-O2 battery with a 
Kynol ACF cathode. 
 
The simulated discharge curve for this battery configuration demonstrates a clear and single 
plateau at around 2.7 V, as expected from the single-stage reaction of the model. This is in 
line with the expected value for the plateau of a Li-O2 battery. There is an initial drop in the 
discharge curve directly down to the plateau, and a drop in the potential at the end of 
discharge. This was triggered by the consumption of the existing oxygen and lithium in the 
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macropore and the micropores. The experimental curve descends overall between 3.65 V and 
2 V, with several mini plateaus observable during discharge. There is a small plateau at 3 V 
and another at 2.1 V, with dips in the curve also seen at approximately 3.3 V and 2.3 V. it is 
clear that the experimental discharge curve incorporates a multi-stage reaction process, one 
of which is likely to be the formation of Li2CO3 (based on the XPS data presented in section 
7.4.1). 
 
7.4.2.3. The effect of pore size on the Li2O2 concentration during discharge 
In order to investigate the effect of the different pores in the pore size distribution, the 
concentration of the discharge product Li2O2 in the different pores throughout discharge is 
presented in Figure 7-25. 
 
 
Figure 7-25 - The predicted change in concentration of the Li2O2  solid deposit in different pore sizes throughout 
the discharge of the Li-O2  battery with a Kynol ACF cathode. 
 
From these results, it is clear that the Li2O2 concentration increases mostly in the two larger 
pores fed by the macropore reservoir. These pores clearly dominate the discharge reactions 
in the battery. As demonstrated in Table 7-5, these pores have the smallest pore volumes out 
of all of the others in the pore line. The highly porous ACF cathode (with a specific surface 
area of approximately 1500 m2/g) has a much higher specific surface area than that of the TiC 
coating (50 m2/g). The rate of transport of the reactants is highest in the large macropore, and 
the high specific surface area of this material facilitates the reaction in all pores. It can therefore 
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be concluded that the low rate of diffusion is able to facilitate a high reaction rate, and this is 
pronounced further in a highly porous material with a high specific surface area such as this.  
 
7.4.2.4. The effect of the pore size on the transfer current density in the cathode 
on discharge 
Following the result seen in the previous section, it is of interest to investigate the change in 
the profile of the transfer current density in each pore size. The predicted profiles for this 
variable at different stages of discharge can be seen in Figure 7-26.  
In the profiles demonstrated here, it can be clearly seen that the magnitude of the profile of 
the transfer current density is much greater in the macropores relative to the rest of the pore 
sizes in the pore line. This can be explained once again by the high rate of transport in the 
macropore.  
 
7.4.3. Kynol ACF model discussion 
It can be concluded from these results that the pore line model can be used for the Li-O2 
battery and provided useful findings in terms of the importance of different pore sizes on the 
species transport in the highly porous carbon cathode. However, it is clear that multiple 
reactions of more than one pathway with multiple products occur in a Li-O2 battery with a Kynol 
ACF cathode, whereas the model incorporated only a single reaction step of Li2O2 formation. 
At this stage, no further refinement of the model was carried out, as it was clear that 
experimental studies of in situ monitoring of reactants and products are required to be able to 
identify reaction pathways and mechanisms before the modelling of their reaction kinetics can 
be included in this algorithm.  
It can also be concluded from the results that the largest pore sizes have dominated the 
reaction in this cell configuration, which in turn are pores with the lowest volumes. These 
suggest there are large shallow pores that form part of the pore line where the Li2O2 deposits 
on discharge due to their large specific surface area. Despite this, the largest transfer current 
density is seen in the large macropore. The low concentration of the discharge product in this 
pore can be put down to the high rate of transport in the macropore. These results will be 
discussed further in the next section.  
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Figure 7-26 - The predicted profiles of the transfer current density in each of the different pore sizes during 
discharge. 
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7.5. Discussion of the Li-O2 battery simulation results 
Based on the results presented in this chapter, it is clear that the pore line model can be used 
to accurately represent the electrode materials used for Li-O2 batteries. In the algorithm for 
the simulation of Li-O2 battery, the mass transport of two species is solved for: lithium ions 
and oxygen molecules. This is the principle difference between the simulation of this device 
and the simulation of other types of Li-ion batteries, such as the Li-S battery, which did not 
simulate the transport of a second reactant.  
In each algorithm presented in this chapter, it is assumed that the solutions for the mass 
transport of both the lithium ions and the oxygen molecules require fixed boundary conditions 
at opposite ends of the electrode. In other words, the lithium ion mass transport solves for a 
fixed boundary at the surface of the lithium electrode, and the mass transport of the oxygen 
molecules solves for a fixed boundary condition at the opposite side of the electrode at the 
cathode current collector. This implies that the mass transport of oxygen is being calculated 
from a fixed supply of oxygen molecules from this side of the electrode, where the oxygen is 
assumed to be maintained at a constant partial pressure outside of the mesh current collector. 
In some cases, it can be possible for Li-O2 batteries to operate in this manner. However, in 
others (as in this experimental study presented in this chapter) this is not the case. Oxygen 
would be consumed at the current collector side as the cell was closed following oxygen 
impregnation. Further study would be required to confirm this.  
A particular feature of the aprotic Li-O2 battery is that the Li2O2 discharge product deposits in 
across all of the surface areas. The thickness of this layer is determined at each timepoint, 
and when the thickness of the layer exceeds that of the width of the pore the reaction rate in 
the micropore is set to zero. In the TiC model, the thickness of the Li2O2 discharge layer 
deposits evenly in all pores and blocks the smallest micropores, triggering the end of 
discharge. This is reflective of a true experimental result. However, comparing the abrupt end 
of the simulated discharge in the Li-O2 battery with the TiC coating cathode to the experimental 
curve which drops gradually at the end of discharge, it is clear that there is scope for better 
modelling of the Li2O2 deposition. This will be incorporated in future studies.  
Another feature to note with regards to the Li2O2 deposit layer is the potential drop across the 
thickness of the layer. This drop is used in the determination of the overpotential of the 
cathode. This is determined from a value of the areal resistance of this layer. In the model, 
this value is assumed to be constant at 50 Ω/m2, a value taken from (Sahapatsombut et al. 
2013b). The likelihood in reality is that this resistance will gradually continue as the discharge 
progresses and the layer thickness increases. Should this be implemented into the algorithm 
shown here, it may induce a more gradual sweep of the discharge curve at the beginning of 
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discharge. The areal resistance value is also listed as an assumed value in the publication 
referenced. Determination of a true value for this would be very difficult to do experimentally, 
and as such an assumption would be required. This may however lead to several of the 
inaccuracies listed for these algorithms.  
A feature in the pore line model which has become clear in this investigation is the variety in 
the effects of different pores. The macropores seem to dominate the transfer current density 
in the simulation results for both Li-O2 battery configurations in this chapter. This is expected, 
indicating the high rate of ion transport in the macropores. This proves the beneficial effect of 
the continuum transport model, as taking into account pores of different sizes is important for 
full representation of the material.  
Based on the post-mortem analysis carried out on the post-discharge Kynol ACF, it could not 
be concluded that the processes during discharge within the battery match the ideal conditions 
assumed by the simulation. There are a number of reasons for this. Post mortem analysis 
after discharge of the Li-O2 battery determined that a mixture of Li2O and Li2O2 were likely 
produced, and possibly also parasitic Li2CO3. This of course differs from the assumption that 
Li2O2 is the sole discharge product in the simulation. Future refinements of the model and 
algorithm could include multi-stage reactions with the formation of Li2O as the intermediate.  
 
7.6. Concluding remarks 
What can be concluded from this work is that the pore line model is able to be implemented 
to simulate the discharge of a Li-O2 battery. The algorithm presented here was able to simulate 
the discharge of two different materials with very different specific surface areas (among other 
properties). It was also able to simulate the effects of different features on cell configurations, 
and how the different pore size distributions affect different processes and stages in the battery 
operation. Future refinement of the algorithm could take into account the possibility of a multi-
step reaction where Li2O is formed as intermediate, and also the formation of parasitic side 
products. This helps to more closely represent the true processes in the cycling of a Li-O2 
battery.  
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8. Discussion, Conclusions, and Future Work 
8.1. Summary 
This chapter brings us to the end of this thesis. In this chapter, the conclusions drawn from 
each of the models and works presented will be summarised and critiqued. First of all, the 
benefits and shortcomings of the pore line model will be discussed. After this, the methods 
and techniques utilised as a part of the experimental work carried out for this project will be 
considered. Suggestions for future work on this project will also be discussed, along with 
changes that may be made to optimise the current algorithms and model further.  
 
8.2. Discussion  
8.2.1. Discussion of the Models and Simulation Results 
In this section, the merits of all of the simulation results presented in this thesis will be 
discussed. What is clear from the preceding chapters is that the model of multiple pore lines 
is a versatile and effective method of simulating an electrode with a wide distribution of pore 
sizes and a complex pore structure for different types of electrochemical devices. The use of 
this model has allowed for determination of parameters and variables within different pore 
sizes, and for the investigation of the effects of certain pore sizes on these during the activity 
of electrochemical devices. In summary, the pore line model is based on the principle that a 
continuum can be broken down by different weighting factors (depending on the volume 
fraction of each pore size) in order to consider the effects of various different pore sizes on 
the variables. In the mass transport models, parallel simultaneous equations are solved for 
ions and species travelling at each point along individual pore lines initially from a macropore 
reservoir, where each pore line represented by a series of hierarchical pores ordered by their 
size. There are however some shortcomings in the method used in this thesis, and these will 
be discussed here.  
The first point to consider is the stability of the overall pore line structure. One of the principle 
objectives of this project was to develop a simple method of incorporating a pore size 
distribution of the electrode pore structures of a material into a simulation of the processes in 
the device. There are a number of considerations that need to be made to see if the pore line 
model achieves this. Firstly, the pore line model makes the assumption that the mass transport 
on the nanoscale follows similar principles to that of mass transport on the macro scale, as 
expressed in Chapter 4. This is not the case, as it has been demonstrated throughout literature 
that mass transport can be affected by the proximity of the molecules to the pore walls. This 
can be due to both the changing viscosity of the electrolyte and the effect of the charge of the 
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surface on the species (Xiao et al. 2012). The continuum principle utilised in many models 
takes into account these effects by averaging over all of the pore shapes and sizes, however 
this does not fully address the issue. 
Typically, heterogeneity is very high on the micro scale, whilst homogeneity is high on the 
macro scale. Taking into account the heterogeneity of the pore structures on the micro scale 
requires large amounts of computing power and is often impractical (Quintard 2015). The pore 
line model makes the assumption that mass transport, in particular the flux term (as described 
in Chapter 4 of this thesis), can be defined by scaling down mass transport on the macro scale 
(i.e. the continuum) for individual pores based on a factor described by the cross-sectional 
area of the pore and the respective pore volume. The results presented in this thesis support 
the conclusion that this is an effective and simple method to determine mass transport 
between pore sizes when this principle is considered. 
Describing mass transport can only typically be boiled down to two fundamental methods – 
either via the molecular scale or via a continuum (Nguyen 2008). Molecular dynamics models 
have been explored as a part of the literature survey in Chapter 2 of this thesis, as they have 
the ability to describe transport in the most fundamental level. However, molecular scale 
modelling is very complex and computationally demanding, thus failing to meet the main 
objective of this project of developing a simple and easy to implement method. Therefore, this 
method was deemed inappropriate and was rejected.   
As detailed in Chapter 4, both the parallel pore model (from the macropore reservoir) and 
subsequently the pore line model itself take into account the different pore sizes by introducing 
proportionality factors based on either the total pore volume or total pore surface area. This is 
dependent on the variable being solved for and which of these parameters it is more closely 
related to. For instance, the volume and volume fraction of the pore are used for the effective 
electrode conductivity (in all programs) and the volume fraction of the surface area of the pore 
is used in the calculation for the volumetric transfer current density (in the supercapacitor 
model).  
The pore line model can be described as a pseudo two-dimensional model as the solving 
method used is that used for a one-dimensional solution, yet the weighting method does take 
into account the effect of these micropores on the properties and variables being solved for 
through what is a simple and novel method. This negates the need for building complex pore 
models using advanced software. There are however several issues to consider with regards 
to this method.  
Taking a weighted factor in this manner does not consider the diffusivity of the species along 
the axis of the pore line, i.e. perpendicular to that of the axis of the macropore. In this case, 
Chapter 8: Discussion, Conclusions, and Future Work 
Joshua Bates   287 
 
mass transport is only considered by the flux of the species rather than that of basic diffusion. 
This therefore assumes that the change in the species is purely current driven by the weighted 
flux. Basic diffusion in the micro scale usually incorporates the effective diffusion coefficient 
found based on the tortuosity of the pore, as described in Chapter 4 of this thesis (Higa et al. 
2017). Assuming that the mass transport is dominated by the current at the micro scale is an 
accurate assumption to make as a reduced pore volume would cause the calculation of a low 
porosity for the micropores. Reducing the volume of the pore and the porosity decreases the 
effective diffusion coefficient to a point where the flux term due to the current is the dominant 
factor for the micropores.  
The assumption of the pore line is that all of the pore sizes calculated in the pore size 
distribution occur at each of the points solved for in the macropore. This assumption states 
that all of the micropores feed the species directly into one another in descending size order. 
This mechanism of direct feeding of the species into neighbouring pores is typically not seen 
in the literature. Many studies into this issue model a porous carbon sample as a set of pores 
connected by a series of throats, where the mass transport of the species is monitored along 
this connecting throat. This is not carried out in this model. The objective of this project was to 
develop a simple method of incorporating a variable PSD into a program, and the pore line 
model in the current form is able to do this. Considering weighted factors for the various terms 
is a simplified method of considering this mass transport, although the model could be 
expanded in future refinement to include more complex microstructure.  
An alternative model structure to the model of multiple pore lines presented is a parallel pore 
model, in which micropores of different sizes are attached directly to the macropore without a 
connecting pore line. This allows the species to diffuse directly from the macropore into each 
respective pore size. As explained previously, this more closely represents certain pore 
structures specified by the materials’ adsorption isotherm. This demonstrates that the simple 
method of weighting the variables is versatile and that it is applicable to many different 
materials utilised as electrodes in electrochemical devices. However, as demonstrated in the 
results presented for the supercapacitor program simulating a supercapacitor with Kynol ACF 
electrodes, the use of a parallel pore structure allowing downstream ion transport from the 
macropore directly to the pore sizes had very little effect on the overall simulation result. This 
suggests that the interconnectivity of the micropores in an electrode does not affect the overall 
activity of the cell as long as the micropores are taken into account by the weighting factor. 
Another issue with a more detailed modelling of the pore structure is the difficulty to obtain 
experimental data. This model required full characterisation of a material in order to determine 
the connectivity of the different sized pores, however this was difficult to carry out. The 
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resolution required to view some of the smallest sized micropores was not achievable with the 
microscopy equipment available for this project, and as such some assumptions were required 
in building the parallel pore model for the Kynol ACF. It was even worse for the Li-O2 battery 
program as the micropore structure on the surface of the TiC coating cathode could not be 
resolved. The additional time required for building the pore structure model would also need 
to be taken into account by future users looking to use this simple method to represent the 
pore structure of a material.  
In several of the models presented in this thesis, many micropores with the smaller volume 
have the largest effects on the capacity of the device due to their larger surface area. It is also 
possible that small micropores with small specific pore volumes were quickly flooded with ions 
or other species due to flux excess from the larger upstream pores and the less accessible 
downstream smaller pores. Figure 8-1 demonstrates this. The equation in this Figure 
describes mass transport in the pore line, where the flux terms are highlighted.  
 
 
Figure 8-1 – The representation of the species flux within the pore line.  
 
In the mass transport equation of the pore line, the flux of the pore being solved for (pore size 
ip) is affected by the fluxes of the neighbouring pores, where the flux value increases from the 
pore feeding the pore (ip-1) and decreases from the pore being fed by pore (ip+1). This 
suggests that when the volume of a neighbouring pore to pore (ip) is low, the effect on the flux 
caused by this pore is high. This is a feature that is seen in the battery models presented in 
this thesis, but not in the supercapacitor model. The reason for this may be that the cathodes 
studied and implemented in the Li-S and Li-O2 batteries are less mesoporous, or their pores 
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are quickly filled by the insoluble products (Li2S2 and Li2S for the Li-S battery, and Li2O2 for the 
Li-O2 battery). This may therefore render all pore sizes as small micropores.  
There are a number of effective parameters in all of the models dependent on pore size. These 
are namely: the electrolyte conductivity, the electrode conductivity, and the diffusion 
coefficient. In the micropores, the porosity was calculated to be very low (in the order of 10-3). 
This is due to the relative pore volume to the macropore which feeds these pores with the 
reactants. As a result, the calculated conductivity in the electrolyte filling the micropores is low 
relative to the macropore due to the reduced mobility of species in the small pore size. This 
conductivity is then averaged over all of the pores (via the volume weighting method detailed 
earlier), which is then used to determine the electrolyte potential. Due to the lower conductivity 
of the micropores, the overpotential calculated tends to be higher than that of the macropore.  
The micropores typically have a larger overall specific surface area relative to the micropore. 
This is determined by dividing the specific pore volumes by each pore width. This feature 
means a there is a high rate of interfacial reactions and a high rate of product formation during 
discharge. This explains why the concentration of the discharge product can be considerable 
in the micropores despite a larger amount and rate of mass transport in the macropore.  
The issue with the modelling of multiple pore sizes and adding features to a model of this 
nature is the subsequent computing demand, and thus the solving time. With a solving time of 
upwards of several hours, this is increased from a uniform pore size model which is in the 
scale of several minutes. Whilst it is undoubtedly more accurate to include multiple pore sizes 
when representing the materials in the devices, there is a trade-off between the solving time 
and the desired features of the model. This is thus dependent on the user.  
In principle, the pore line model and parallel pore model both demonstrate a more accurate 
representation of the porous structure of a material compared with the assumption of a uniform 
pore size. However, this was not verified against self-written programs as a part of this work. 
There are several reasons for this. Due to the time required in debugging and optimising the 
models presented in this work, it was not possible to complete a traditional one-dimensional 
model for each configuration also. Furthermore, there was a question of the method of 
equivalence between the two versions of the model, namely which pore size would be used. 
Using the macropore size would be a false equivalence, as this is a theoretical large pore in 
several of the models and does not represent the material. Further work could be carried out 
to address this issue and develop models to act as controls against the pore line models 
presented.  
Fixed boundary conditions are applied where the mass transport species solved for has a 
constant supply, i.e. at the respective electrode surface for the overall macropore. This is 
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carried out in the battery models for the lithium electrodes and is justified in encouraging both 
the stability of the model and that lithium from the electrode supplies ions to the electrolyte via 
oxidation. For the supercapacitor, zero ion flux was assumed at each of the respective current 
collectors (in the anode and cathode). This is representative of a true cell, and ensures 
convergence of the model.  
The next variables to consider are that of the current density in both the electrode and the 
electrolyte. For this variable, a fixed boundary condition at the current collectors is justified 
when the charge/discharge of the device is galvanostatic. Changes in the profiles throughout 
the depths of the cell occur due to the conductivity of the solid electrode or the liquid electrolyte 
depending on the parameter. In the supercapacitor models presented in this thesis, the current 
density in the electrolyte is determined by the sum of the flux of the ionic species. This differs 
from many models in the literature, most of which determine the current density in the 
electrolyte through the overpotential in the electrode. This is detailed in Equation 2-12 in 
Chapter 2 of this thesis. The method used in this thesis is simpler than using the overpotential 
method, as determining the current density via the change in concentration skips the step of 
this calculation.  
The overpotential was not considered as a driving force for the models presented here due to 
a novel approach in the dominance of the flux term in the mass transport of species. In this 
term, as seen in Equation 4-2, the spatial change in the current density in the electrolyte is 
included. In a simplified model typically seen in the literature, Equation 2-12 is substituted 
directly into the mass transport equation. In the model presented in this thesis, this was not 
done. The reason for this was continuity between the programs for the modelling of both the 
supercapacitors and the batteries. Another reason for not using the overpotential based 
equation in this supercapacitor model is the fact that it caused divergence in the model when 
it was utilised.  
Determining the current density in the electrolyte in the battery models utilised Equation 4-31. 
This equation relates the transfer current density to the current density. This equation, along 
with the modified Butler-Volmer equation (explored later), assumes that the reaction being 
modelled occurs at the surface of the electrode. For the reactions which produce solid state 
discharge products (namely the formation of Li2O2 in the Li-O2 battery and the short chain 
polysulphides for the Li-S battery) this is accurate. This may however not be for reactions in 
the bulk, yet this equation was used to describe the early stage reactions in the Li-S battery. 
There are however ways in which this has been addressed. In Sahapatsombut et al. (2013b), 
Jung et al. (2015), and Tan et al. (2017), the modified Butler-Volmer equation utilised 
exclusively calculates the transfer current density using the reactant concentrations at the 
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surface of the electrodes. This is found using a diffusion coefficient of the ionic species across 
the solid deposit layer. This value is difficult to determine, and as such was not used in this 
thesis. Rather, the value for the bulk concentration was used in all cases for this parameter. 
This reduces the accuracy of this equation for modelling reactions assumed to occur at the 
electrode surface yet will be more accurate for modelling bulk reactions.  
The next set of variables solved for is the potentials in both the electrode and the electrolyte. 
The equations used in both cases calculates the potential from the current density and 
conductivity of the material through ohm’s law, which is a widely used and accepted practice. 
For the potential in the electrode, this requires no extra terms and the profile is simply 
calculated. The boundary condition of the potential in the electrode at the current collector side 
was demonstrated to be the most significant factor in terms of calculating the overall potential 
of the cell. For the supercapacitor model, the boundary condition is presented in Chapter 4 in 
Equation 4-20. In this, the potential at the boundary is determined by the change in potential 
in the electrolyte from the previous boundary condition. This is justified in this model as the 
potential in the electrode is induced by a potential difference between the electrolyte and the 
electrode surface.  
One more feature of the algorithms used in this thesis is the determination of the concentration 
of the discharge product. In the Li-S battery and Li-O2 battery algorithms, it is assumed that 
all of the change in concentration of the reactants contributes exactly to the change in the 
product, in that the change in product is calculated directly from the change in reactant. This 
would not be the case in reality, as much of the reactant species would be lost to parasitic side 
reactions. In Chapter 7, the results of the simulations of the batteries with the TiC coating 
cathode and the Kynol ACF cathode respectively revealed that more reaction stages (or a 
different reaction pathway) must take place. This was revealed to likely be a more accurate 
representation of the true battery processes than the direct single-stage formation of Li2O2. An 
additional pathway involving the formation of LiO2 as an intermediate or final product may be 
needed, but further experimental work is needed to elucidate the reaction kinetics. Such 
experimental studies would need in-situ monitoring of the battery to observe and verify the 
formation of the discharge products.  
In the battery models presented in this thesis, the boundary condition is calculated using the 
electrochemical potential of the discharge reaction taking place. This makes the assumption 
that the reaction for the formation of the specified discharge product dominates the potential 
of the cell. This will be the case in reality as the potential is stored chemically in a battery. This 
boundary condition also promotes the formation of a plateau in the discharge curve, which is 
typically seen for a battery.   
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A deviation from this boundary condition was utilised in the five stage reaction model 
presented for the Li-S battery presented in Chapter 6 of this thesis. In this, the boundary 
condition was changed to match that of the supercapacitor model detailed previously. The 
reason for this is that modelling multi-stage reactions induced a plateau at each reaction stage 
(i.e. the formation of each polysulphide). The typical shape of a discharge curve for a Li-S 
battery can be seen in Figure 8-4. Along with this, the polysuphide formed at each of the 
sections of the curves is specified. These sections are specified in Chapter 6, along with the 
values for the potential ranges within which these reactions occur. The purpose of Figure 8-2 
is to demonstrate that not all of the reactions cause a plateau in the discharge curve, and that 
the formation of Li2S8, Li2S4, and Li2S cause steep drops in the discharge curve. With this 
being the case, the alternative boundary condition is used throughout this model to ensure 
that the processes within the cell match the experimental process more closely.  
 
 
Figure 8-2 – A representative of the typical shape of a Li-S battery discharge curve and the different length 
polysulphides formed at each stage.  
 
8.2.2. Discussion of the Experimental Results 
In this section, the experimental results presented in this thesis will be discussed. As described 
earlier, the solving time of the algorithm using the pore line model was very high in some 
cases. In a similar vein as computational time, the time taken for the full characterisation of 
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the material should also be taken into account for the full time footprint. The process followed 
for each of the characterised materials is detailed in the chart in Figure 8-3 below. This did not 
apply to the Kynol ACF material, as it was not processed and deposited as a coating in this 
project prior to testing. Despite this, full characterisation using this methodology was time 
consuming for all materials. In adoption of this methodology, groups would need to consider 
the trade-off between the time demand required for solving and characterisation with the 
accuracy they desire.   
The coating recipe for the TiC nanopowder coating can be seen in Chapter 3 of this thesis. 
For Li-O2 batteries, the air electrode is typically required to be porous and open to electrolyte 
and oxygen impregnation. As such, the current collector is typically a conductive mesh or 
foam. In this case, the TiC slurry was mixed and subsequently coated onto a stainless steel 
mesh. Whilst these electrodes were not used for testing, coatings were created in order to 
determine the PSD of the true electrode. There is however a possibility that there is a 
discrepancy between this electrode and the one utilised in Thotiyl et al. (2013b). The recipe 
utilised follows that detailed in the supporting information of Thotiyl et al. (2013b), however 
coating on a stainless steel mesh proved to be difficult. The coating itself was very fragile and 
would often discharge if the mesh was subject to small disturbances. This electrode was used 
to assemble Li-O2 cells as detailed in Chapter 3 of this thesis, however these cells proved too 
unstable for reliable results. This suggests that the coating may not necessarily represent that 
used in the cell presented in Thotiyl et al. (2013b). The full method for manufacture in their 
study was not given however, as the dispersion method for the nanopowder was not specified. 
Therefore, no accurate conclusion can be drawn about the coating matching the electrode in 
the publication. Future verification should involve ensuring that the coating is able to fully 
adhere to the mesh by tweaking the recipe and manufacturing methodology prior to testing.  
As described in Chapter 7 of this thesis, the pore line model presented for the simulated 
discharge of a Li-O2 battery with a Kynol ACF electrode was validated against experimental 
data in an experimental study as a part of this project. The methodology for this is detailed in 
Chapter 3 of this thesis, and the results presented in Chapter 7. As detailed in this chapter, 
the post-mortem analysis of the cell did not support the conclusion that the principle discharge 
product was Li2O2. The atomic ratio of lithium to oxygen was closer to that of a carbonate, 
possibly from the remaining electrolyte solvent in the sample or the parasitic formation of the 
side product Li2CO3. The model did show good agreement with the overall capacity of the 
experimental data, however the experimental data did not demonstrate a stable plateau in the 
expected region. This suggests that the model utilised, where the assumption is that the 
discharge product is exclusively Li2O2, is not representative of the discharge activity of this Li-
O2 battery with a Kynol ACF cathode. 
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Figure 8-3 – A flow chart representing the process of material microstructure characterisation used in this thesis.  
 
On the experimental side, additional work could be carried out to ensure additional stability of 
the cell. As detailed in Chapter 2, Li-O2 cell chemistry is unstable and sensitive to 
contaminants. In the methodology used here, every effort was made to ensure contaminants 
were removed. The batteries were assembled in an inert argon atmosphere, controlled to 
remove oxygen and water. Oxygen and water levels were maintained below 0.1 ppm 
throughout cell assembly in the inert atmosphere. The electrodes were dried under dynamic 
vacuum for two hours prior to adding to the glove box. Further to this, the oxygen line was 
flushed for 30 minutes prior to impregnation of the cell, and a catch pot was used to prevent 
back flow of contaminants from the oxygen exhaust. Despite this, moisture and other 
contaminants may have entered the cell at any of these stages. An further solution would be 
to filter the oxygen using molecular sieves prior to impregnation. This was not carried out as 
part of this project due to the costs incurred.  
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As eluded to previously, additional experimental verification was attempted as a part of this 
project. The purpose of this was to validate the TiC coating electrode for use in the Li-O2 
battery. However, the experimental data gained was of a much lower overall quality than that 
presented in the literature. This is in terms of overall capacity, as the maximum capacity 
achieved from batteries tested as a part of this project was in the region of 10% of that 
achieved in the literature. This is down to several factors. First of all, pure lithium was not used 
as the anode material in these cells due to safety concerns. Rather, an electrode was 
manufactured from a slurry based of lithium iron phosphate (LiFePO4) as the electrode 
material. This meant that there were essentially two independent variables in the cell, and the 
use of pure lithium as the anode in the Kynol ACF Li-O2 battery addressed this. 
Secondly, it is not known what the partial pressure of the oxygen was on the current collector 
side of the cathode. It is possible that the cell structure used meant that it was below 1 bar. 
Upon testing, the cell was sealed from the oxygen supply. With no continuous supply of 
oxygen, it was difficult to know at what point the oxygen was fully consumed. This meant that 
the experimental data could not be used as validation for the TiC coating cathode simulation 
in this project.  
 
8.3. Conclusions and future work 
It can be clearly seen from the conclusions drawn from each of the models and simulations 
presented in this thesis that the pore line model is an effective and universal method of 
incorporating a known pore size distribution into a system of mass transport equations for 
multiple pore lines to allow for full representation of the pore structure in an electrode material. 
This is a novel and simple way to gain a more accurate representation of the different 
structures within a porous material. Many pore network models currently in the literature that 
go beyond a single uniform pore require complex pieces of software and excess computing 
power, yet this method is able to simulate complex pore structures with ease.  
In several of the models presented in this thesis, many micropores with the smallest volume 
have the largest effects on the overall activity of the device. Furthermore, the macropores 
certainly demonstrate a high rate of mass transport and a high transfer current density. This 
demonstrates the importance of modelling multiple pore sizes and a full pore size distribution 
in the activity of any electrochemical device. Due to the versatility and simplicity of the pore 
line model, the methods of the material characterisation can be applied to any material and 
the model principles used to simulate any electrochemical device.  
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What is clear however is that there is room for expansion and improvement of not just the pore 
line model, but also the mass transport models presented in this thesis. As the objective of 
this project was to keep the method simple and easy to implement, it is important to not go in 
to too much detail and expand future refinement of the model so as to not defeat the purpose 
of the project. However, some basic assumptions could be addressed. It may be possible to 
explore the full mass transport of species along the length of the pore line by incorporating 
true diffusion along this axis, thus representing a true two-dimensional model. This would not 
require highly complex software but would increase the computational demand of any program 
utilising this. 
Many modelling studies in the literature for all of the devices presented in this thesis have 
been published which address individual assumptions made within some models. All of the 
individual features (among others) go a long way in addressing some basic assumptions and 
help to increase the accuracy and efficacy of the results of the studies. Many of these are 
reviewed in Chapter 2 of this thesis. The pore line model could be adapted to include these 
features for each of the programs in future refinement of the current model, and the 
subsequent effects of these feature could be investigated. Several of these features will be 
looked at here.  
In the supercapacitor model, the change in potential is determined based on the bulk mass 
transport in the pores. As discussed previously, this does not take into account the formation 
of a stern layer. It may be possible to address this in the future by either calculating the 
diffusion of the species from the bulk to the surface instead of utilising a division factor to the 
bulk concentration value as a representative of the stern layer. This is currently used in the 
present algorithm.  
For the Li-S battery, an investigation was carried out into the effects of simulating multiple 
reaction stages for the formation of different length polysulphides during discharge. This could 
be expanded further with the inclusion of other intermediates for this reaction seen in the 
literature, such as the radical sulphide ion. As well as this, there are modelling studies in the 
literature that have looked to address the issue of shuttling in the Li-S battery with the addition 
of a shuttle current. This could be added to the pore line model for this program with ease.  
There have been many Li-O2 battery modelling-based publications which looked to add certain 
features to other models in the literature. These include: simulating non-isothermal reactions, 
modelling the Li2O2 discharge layer as non-uniform, and looking at the effect of parasitic side 
reactions on cycling. Adding all of these features into the program presented in this thesis 
could be a part of future projects looking to expand the pore line model.  
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Follow on work to the simulations presented in this thesis could include the effects of cycling 
of the devices presented in this thesis. Both charge and discharge are simulated for a 
supercapacitor, but only discharge is simulated for the batteries. With more time spent on this 
project, this feature could be added to the program. Beyond this, cycling of the device could 
be implemented into the program. This would be useful as part of investigating the capacity 
retention if this simulation is coupled with other features, such as parasitic side reactions which 
generate accumulative side products.  
In a more general sense, future iterations of the pore line model could be updated and 
improved to reduce the computational demand. Currently the solving time of the model is very 
high, and a large amount of data is produced as a result of the number of calculations required. 
Currently the programs are implemented in and solved by MATLAB 2018b in the timescale of 
several hours. This is impractical for industrial applications where results are needed within a 
tight timescale. As part of future projects, the program could be optimised by using additional 
functions or vectorisation. Alternatively, other languages (such as C++) that have additional 
memory may allow for a reduced computational time. Rewriting the code in an alternative 
language would be possible but would require a significant amount of time.  
What is clear from the results presented in the preceding chapters is that the principal 
objectives of this project have been met. A model was developed which allowed for full 
representation of the different pore sizes in an electrode in a clear and simple way. The 
versatility of this model was also demonstrated by applying it to programs simulating different 
electrochemical devices, which were validated against new and existing experimental data. 
This work can now go forward and help to address the gap in the industry between the macro 
scale continuum models and the complex pore structures modelled using pore network models 
in commercially available software.  
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Appendices  
A.1. Numerical Methods 
A.1.1. Introduction 
In this section, the numerical analysis for the solution of the differential and partial differential 
equations used in this thesis will be explained. This includes the finite differencing method 
used to discretise the equations into a system of algebraic equations. Following this, the tri-
diagonal matrix algorithm (TDMA) will be explained for the solution of the system of linear 
equations   
 
A.1.2. One dimensional finite differencing  
A finite difference method is a typically used method for solving partial differential equations 
(PDEs). It is known as a domain method as it solves an equation for a series of nodes in a 
discretised area, typically from defined boundary conditions. In principle, a PDE is discretised 
to form a series of simultaneous equations which are solved to give the result for each node 
within the domain (Zhou 1993). A one-dimensional space vector is defined in Figure A-1, 
where the space vector distance 𝑑𝑥 is the distance between nodes in an array of 𝑥𝑗 nodes 
where 𝑗 = 1:m. If one considers the one-dimensional mass transfer equation, expressed in 
equation A-1, with convection term (including velocity 𝑢) and a diffusion term (𝐷). 𝐶 defines 
the species concentration, and 𝑡 defines the time. In the Nernst-Planck equation, the current 
conveying term is equivalent to the convection term in equation A-1. 
𝜕𝐶
𝜕𝑡
+ 𝑢
𝜕𝐶
𝜕𝑥
= 𝐷
𝜕2𝐶
𝜕𝑥2
 (A-1) 
 
          
 
𝐶(𝑥0, 𝑡𝑛) 𝐶(𝑥1, 𝑡𝑛) … 𝐶(𝑥𝑗, 𝑡𝑛) … … … … … … 𝐶(𝑥𝑚, 𝑡𝑛) 
Figure A-1 - A schematic of the discretisation of a variable C. The variable C is defined as concentration in the  
mass transfer equation, however can be any variable in a continuum transport equation. The variable depends on 
the spatial domain position 𝑥𝑗, where 𝑗 is a value from 1 to m where m is the total number of nodes in the vector. 
The variable is defined in the time domain by 𝑡𝑛, where 𝑛 is the timepoint being considered.  
Appendices 
Joshua Bates   322 
 
PDEs can be solved simply using a finite differencing method, of which there are several. An 
upwind scheme is used for the discretisation of the convection term of this equation. This is 
defined in equation A-2 (Recktenwald 2004). 
if 𝑢 > 0:   𝑢
𝜕𝐶
𝜕𝑥
= 𝑢𝑗−1
𝐶𝑗 − 𝐶𝑗−1
∆𝑥
if 𝑢 < 0:   𝑢
𝜕𝐶
𝜕𝑥
= 𝑢𝑗+1
𝐶𝑗+1 − 𝐶𝑗
∆𝑥
 (A-2) 
A central differencing scheme is used for the discretisation of the diffusion term, as denoted 
by equation A-3. 
𝜕2𝐶
𝜕𝑥2
=
𝐶𝑗−1 − 2𝐶𝑗 − 𝐶𝑗+1
∆𝑥2
 (A-3) 
These schemes do not consider discretisation in the time domain. In the equations shown, all 
values for 𝑗 are at the same timepoint 𝑛. Change in the time domain can be discretised in one 
of two ways; either an implicit or an explicit method can be used. In an explicit method, 
calculating the values for a variable at the next timepoint (𝑛 + 1) is dependent on the current 
timepoint (𝑛). This method is applied to the general mass transfer equation (equation A-1), 
which is demonstrated in equation A-4 (for 𝑢 > 0). 
𝐶𝑗
𝑛+1 − 𝐶𝑗
𝑛
∆𝑡
+ 𝑢𝑗−1
𝑛
𝐶𝑗
𝑛 − 𝐶𝑗−1
𝑛
∆𝑥
= 𝐷
𝐶𝑗+1
𝑛 − 2𝐶𝑗
𝑛 + 𝐶𝑗−1
𝑛
∆𝑥2
 (A-4) 
Equation A-4 can be rearranged to calculate the variable for the (𝑛 + 1) timepoint, which is 
expressed in equation A-5. 
𝐶𝑗
𝑛+1 = 𝐶𝑗
𝑛 + 𝐷∆𝑡
𝐶𝑗+1
𝑛 − 2𝐶𝑗
𝑛 + 𝐶𝑗+1
𝑛
∆𝑥2
− 𝑢𝑗−1
𝑛 ∆𝑡
𝐶𝑗
𝑛 − 𝐶𝑗−1
𝑛
∆𝑥
 (A-5) 
Equation A-5 forms a system of linear equations across all values of 𝑗 as it is used to solve 
across the one-dimensional vector. This is used to give the new timepoint vector of 𝐶 at 
timepoint (𝑛 + 1). Time explicit systems are simple to compute, however can become unstable 
and diverge quickly. The convergence criteria for a time explicit function is demonstrated in 
equation A-6. The convergence criterion is dependent on the timestep, therefore the stability 
of the system reduces when larger timesteps are used (Konidala 2017).  
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0 <
𝐷∆𝑡
∆𝑥2
< 0.5 (A-6) 
A time implicit method differs in that the non-transient terms are solved for the next timepoint, 
resulting in a series of linear equations which can be solved for all values of 𝐶𝑗
𝑛+1. The time 
implicit scheme for the mass transfer equation is shown in equation A-7, for 𝑢𝑗
𝑛 > 0. 
𝐶𝑗
𝑛+1 − 𝐶𝑗
𝑛
∆𝑡
+ 𝑢𝑗−1
𝑛+1
𝐶𝑗
𝑛+1 − 𝐶𝑗
𝑛+1
∆𝑥
= 𝐷
𝐶𝑗+1
𝑛+1 − 2𝐶𝑗
𝑛+1 + 𝐶𝑗−1
𝑛+1
∆𝑥2
 (A-7) 
The time implicit scheme is then rearranged to have all the known terms of one side and all of 
the unknowns on the other side. This is demonstrated in equation A-8. 
−
𝐷∆𝑡
∆𝑥2
𝐶𝑗+1
𝑛+1 + (1 +
𝑢𝑗−1
𝑛+1∆𝑡
∆𝑥
+ 2
𝐷∆𝑡
∆𝑥2
)𝐶𝑗
𝑛+1 − (
𝐷∆𝑡
∆𝑥2
+
𝑢𝑗−1
𝑛+1∆𝑡
∆𝑥
)𝐶𝑗−1
𝑛+1 = 𝐶𝑗
𝑛 (A-8) 
Through all values of 𝐶𝑗, the unknown terms form a system of linear equations. Typically, the 
boundary conditions are known. As such they will not change between timepoint 𝑛 and 𝑛 + 1. 
A time implicit method is independent of the timestep, so is more stable than the time explicit 
method and always converges (Konidala 2017). The system of linear equations are typically 
solved simultaneously in matrix form using a method known as the tri-diagonal matrix 
algorithm (TDMA). This method is detailed in section A.1.3. 
 
A.1.3. TDMA 
To begin solving a time-implicit system with the TDMA, the system must first be expressed in 
matrix form combined from the series of simultaneous equations generated. Equation A-8 is 
translated into the general form of simultaneous equations, as expressed in equation A-9 
(Halls-Moore 2012). 
𝐴𝑤,𝑗−1
𝑛 𝐶𝑗−1
𝑛+1 + 𝐶𝑝,𝑗
𝑛 𝑇𝑗
𝑛+1 + 𝐶𝑒,𝑗+1
𝑛 𝐶𝑗+1
𝑛+1 = 𝑆𝑢𝑖
𝑛 (A-9) 
In this equation, 𝐴𝑤 is the west sweep coefficient of 𝐶𝑗−1 (the inferior diagonal in the tri-diagonal 
matrix), 𝐴𝑒 is the east sweep coefficient of 𝐶𝑗+1 (the superior diagonal in the tri-diagonal 
matrix), 𝐴𝑝 is the 𝑗 coefficient for the 𝐶𝑗 value being solved for (the dominant diagonal in the 
tri-diagonal matrix), and 𝑆𝑢𝑖 is the source term. 
Combining the series of linear equations generates a tri-diagonal matrix. The equations 
expressed in the general matrix form can be seen in equation A-10. This is expanded to the 
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full tri-diagonal matrix, as expressed in equation A-11, where 𝑨 is the tri-diagonal matrix, 𝑪 is 
the solved variable vector, and 𝑺𝒖 is the source term vector. 
𝑨𝑪 = 𝑺𝒖  (A-10) 
[
 
 
 
 
 
𝐴𝑝,1
𝑛 𝐴𝑒,1
𝑛 0 … 0
𝐴𝑤,1
𝑛 𝐴𝑝,2
𝑛 𝐴𝑒,2
𝑛 0 ⋮
0 𝐴𝑤,2
𝑛 𝐴𝑝,3
𝑛 𝐴𝑒,3
𝑛 0
⋮ 0 ⋱ ⋱ 𝐴𝑒,𝑚−1
𝑛
0 … 0 𝐴𝑤,𝑚
𝑛 𝐴𝑝,𝑚
𝑛 ]
 
 
 
 
 
[
 
 
 
 
 
𝐶1
𝑛+1
𝐶2
𝑛+1
𝐶3
𝑛+1
⋮
𝐶𝑚
𝑛+1]
 
 
 
 
 
=
[
 
 
 
 
𝑆𝑢1
𝑛
𝑆𝑢2
𝑛
𝑆𝑢3
𝑛
⋮
𝑆𝑢𝑚
𝑛 ]
 
 
 
 
 (A-11) 
This system is solved using the TDMA, otherwise known as the Thomas Algorithm. First, the 
forward sweep is used to eliminate the inferior diagonal and change the dominant diagonal to 
1. This replaces the 𝐴𝑒 terms with 𝐴𝑒
∗ , and the 𝑆𝑢 term with 𝑆𝑢
∗. These are defined in equation 
A-12 and equation A-13 respectively (Halls-Moore 2012). 
𝐴∗𝑒,𝑗
𝑛 =
{
 
 
 
 
𝐴𝑒,𝑗
𝑛
𝐴𝑝,𝑗
𝑛  ; 𝑗 = 1
𝐴𝑒,𝑗
𝑛
𝐴𝑝,𝑗
𝑛 − 𝐴∗𝑒,(𝑗−1)
𝑛 𝐴𝑤,𝑗
𝑛  ; 𝑗 = 2, 3, … ,𝑚 − 1
 (A-12) 
𝑆𝑢∗𝑗
𝑛 =
{
 
 
 
 
𝑆𝑢𝑗
𝑛
𝐴𝑝,𝑗
𝑛  ; 𝑗 = 1
𝑆𝑢𝑗
𝑛 − 𝑆𝑢∗𝑗−1
𝑛 𝐴𝑤,𝑗
𝑛
𝐴𝑝,𝑗
𝑛 − 𝐴∗𝑒,(𝑗−1)
𝑛 𝐴𝑤,(𝑗−1)
𝑛  ; 𝑗 = 2, 3,… ,𝑚 − 1
 (A-13) 
Once these are substituted in, the tri-diagonal matrix is rewritten as per equation A-14.  
[
 
 
 
 
 
1 𝐴∗𝑒,1
𝑛 0 … 0
0 1 𝐴∗𝑒,2
𝑛 0 ⋮
0 0 1 𝐴∗𝑒,3
𝑛 0
⋮ 0 ⋱ ⋱ 𝐴∗𝑒(𝑚−1)
𝑛
0 … 0 0 1 ]
 
 
 
 
 
[
 
 
 
 
 
𝐶1
𝑛+1
𝐶2
𝑛+1
𝐶3
𝑛+1
⋮
𝐶𝑚
𝑛+1]
 
 
 
 
 
=
[
 
 
 
 
 
𝑆𝑢∗1
𝑛
𝑆𝑢∗2
𝑛
𝑆𝑢∗3
𝑛
⋮
𝑆𝑢∗𝑚
𝑛 ]
 
 
 
 
 
 (A-14) 
From this, back substitution is used to solve the tri-diagonal system of equations. The 
boundary condition for this is first defined in equation A-15. The remainder of the solution 
matrix is solved as per equation A-16 (Halls-Moore 2012). 
𝐶𝑚
𝑛+1 = 𝑆𝑢∗𝑚
𝑛
 (A-15) 
𝐶𝑗
𝑛+1 = 𝑆𝑢∗𝑗
𝑛 + 𝐴∗𝑒,𝑗
𝑛 𝐶𝑗+1
𝑛+1 ; 𝑗 = 𝑚 − 1,𝑚 − 2,… . . , 1 (A-16) 
Boundary conditions imposed on the variable being solved for also need to be considered and 
come into play at two different stages of the TDMA depending on the conditions. In the one-
dimensional example in Figure A-1, the boundary conditions can be fixed or variable at either 
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𝑗 = 1 or 𝑗 = 𝑥𝑚. If the variable has a fixed boundary condition at 𝑗 = 1, the 𝐴
∗
𝑒,1
𝑛
 term will be 
zero, and the 𝑆𝑢∗1
𝑛
 term will be the value at which the variable is fixed. This signifies that there 
is no flux at this point in this boundary condition. When this boundary condition is not fixed but 
the flux is zero at the boundary, the 𝐴∗𝑒,1
𝑛
 term is equal to one and the 𝑆𝑢∗1
𝑛
 term is equal to 
zero. This signifies that the flux at this point will be zero as the 𝐴𝑒,1
𝑛  and 𝐴𝑝,1
𝑛  terms are equal. 
Boundary conditions at the 𝑗 = 𝑥𝑚 side are solved for in the backward substitution stage in the 
TDMA. If the variable has a fixed boundary condition at 𝑗 = 𝑥𝑚, then the solution vector at 
𝐶𝑚
𝑛+1 will have a fixed value. If the boundary condition at 𝑗 = 𝑥𝑚 is variable with a zero flux, 
then the boundary condition is defined as demonstrated in equation A-17. This boundary 
condition is derived from equation A-16 when it is assumed that the flux of both the 𝑗 = 𝑚 − 1 
and 𝑗 = 𝑚 values are identical.  
𝐶𝑚
𝑛+1 =
𝑆𝑢∗𝑚−1
𝑛
1 − 𝐴𝑒,𝑚−1
𝑛  (A-17) 
This is the general form of the solver used in the models presented in this thesis to solve 
equations that follow the form of the generalised mass transfer equation in equation A-1.  
 
A.2. Gas adsorption/desorption, BET theory, and the Grand Canonical 
Monte Carlo (GCMC) method 
A.2.1. Introduction 
In this section of the appendix, the theory behind the calculation of the PSD and specific 
surface area of a material from the experimentally determined adsorption/desorption isotherm 
will be explained. These are namely the BET theory and the GCMC method, which were 
referred to throughout this thesis. Other methods exist to determine the PSD, namely density 
functional theory (DFT), however these were not used in this thesis and will not be discussed. 
In this thesis, BELMaster software was used to calculate the specific surface area via BET 
Theory and the PSD via GCMC. This section will therefore outline the method used by the 
software.  
 
A.2.2. BET theory 
BET Theory, named for Brunauer-Emmett-Teller, is a theory used to describe a method for 
the determination of specific surface area from the gas adsorption/desorption isotherm of a 
material. Adsorption experiments are typically carried out on porous carbon powders through 
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the use of an adsorption/desorption analyser and nitrogen gas. A brief method of how this is 
carried out is as follows. First, the sample is heat treated under vacuum, typically at 300 oC 
for four hours. This helps to remove impurities on the sample surface which could affect the 
results. Following this, the sample is outgassed by being placed under a vacuum. This 
removes all of the gas in the sample, and subsequently the system is ready for the adsorption 
of the adsorbate. Nitrogen adsorption/desorption is carried out at 77 K, which is maintained 
by storing the sample in liquid nitrogen during the testing. Nitrogen is then pumped in to the 
system to a maximum partial pressure, and subsequently removed via vacuum. The volume 
of adsorbed/desorbed gas is then plotted against the partial pressures to give the adsorption 
isotherm for the material. 
As discussed in Chapter 2 of this thesis, much information on the structure of the material 
being investigated can be gained from this adsorption isotherm. Other variables, such as 
specific surface area and PSD, can then be calculated from this. BET theory describes the 
method for determination of the specific surface area of the sample from the adsorption 
isotherm. In order to understand how this is calculated, it is important to first understand the 
mechanism of adsorption of the gas.  
BET theory is based on the Langmuir monolayer theory. In this theory a sample surface area 
is assumed to have a number of adsorbent sites across the full surface area, all of which are 
assumed to have the same adsorption energy. Each of these sites are occupied by one 
adsorbate molecule until a single layer (monolayer) of adsorbate molecules forms across the 
surface of the sample. It is also assumed that there is no lateral interaction between the 
molecules as they occupy the adsorption sites. During adsorption, the volume fraction of 
coverage can be determined by dividing the area covered by occupied adsorption sites by the 
total sample area (MicrotracBEL Corp. 2015). It is then possible to derive from this the 
relationship between the volume of adsorbed gas and the adsorbate partial pressure. A 
demonstration of this is seen in Figure A-2.  
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Figure A-2 – The demonstration of the monolayer theory, where An represents adsorption area n and AT represents 
the total sample surface area.  
 
There are several issues with the basic monolayer model, in particular when it comes to the 
smallest micropores. If the pore structure is such that a layer cannot fully form on each side of 
the pore, the volume of gas adsorbed may be skewed and give inaccurate results. BET theory 
expands on this monolayer theory by modelling adsorption in a multilayer, as demonstrated in 
Figure A-3. The assumption of this is that adsorbate molecules adsorb on to one another in a 
series of layers, where each layer has a different adsorbent energy. There is also assumed to 
be no lateral interaction between the adsorbate molecules (MicrotracBEL Corp. 2015) 
 
 
Figure A-3 – A demonstration of multilayer adsorption, where N refers to the number of layers of adsorbed 
molecules.  
 
BET theory states that the number of layers increases during adsorption of nitrogen in such a 
way as that the adsorbed molecules act as adsorption sites for molecules forming the 
subsequent layer. Following the assumptions detailed above, the BET equation can be 
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derived. This equation is defined in equation A-18, where 𝑉𝑎 is the volume of gas adsorbed at 
the standard state (cm3(STP)/g), 𝑉𝑚 is the volume of gas adsorbed in the monolayer at the 
standard state (cm3(STP)/g), 𝑐 is the energy constant (dimensionless), 𝑝 is the absolute 
pressure (kPa), and 𝑝0 is the saturation pressure (kPa) (MicrotracBEL Corp. 2015).  
𝑉𝑎 =
𝑉𝑚𝑐𝑝
(𝑝0 − 𝑝) {1 + (𝑐 − 1) (
𝑝
𝑝0
)}
 
(A-18) 
Rearranging the BET equation, a plot of (𝑝/𝑉𝑎(𝑝0 − 𝑝)) against (𝑝 𝑝0)⁄  can be used to 
determine the two constants 𝑉𝑚 and 𝑐. However, due to the inaccuracies and assumptions of 
the BET model, this plot only remains linear at partial pressures typically less than 0.3. This 
varies depending on the adsorbate and the adsorbent sample, where in some graphitised 
carbons the partial pressure limit is 0.1. Therefore these constants are typically determined by 
a line of best fit of the linear region of the plot (Sing 2001). 
Further to this, BET theory can then be used to determine the specific surface area of the 
sample. This is determined using monolayer volume, 𝑉𝑚, and the known surface area occupied 
by a nitrogen molecule. For nitrogen at 77 K, the adsorption site surface area is typically given 
as 0.162 nm2, however this can range from 0.13 – 0.20 nm2 depending on the orientation of 
the nitrogen molecule (Sing 2001). In the BELMaster software, the value of 0.162 nm2 was 
used. The specific surface area (𝑎0) is calculated using equation A-19, where 𝑁𝐴 is Avogadro’s 
constant (1/mol), and 𝑎𝑁2 is the surface area of the nitrogen adsorption site (nm
2) 
(MicrotracBEL Corp. 2015). 
𝑎0 =
𝑉𝑚
22414
𝑁𝐴𝑎𝑁2 (A-19) 
Based on the principle of this equation, it is clear that the surface area calculation loses validity 
in the micropore regions. This is due to the heterogeneity of the pore structures at this level, 
which may prevent a true nitrogen monolayer from forming (Sing 2001). Other methods, such 
as the t-plot method, aim to address this problem. Nevertheless, BET is still widely used as 
an estimate of the specific surface area.  
 
A.2.3. GCMC method 
The PSD of a material is important as it gives information on the porous structure of a material, 
and thus can be used to estimate other properties and behaviours of the material. There are 
many different methods to determine the PSD, and one of the most widely used is the grand 
canonical monte carlo (GCMC) method.  
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One of the early methods for determining the PSD is the Barret, Joyner, and Halenda (BJH) 
method. This method is based on hysteresis between the adsorption and desorption 
isotherms, which is assumed to be caused by capillary condensation of the adsorbed nitrogen 
in the mesopores. This can be used to estimate the mesopore radius, however fails at smaller 
pore sizes. Certain methods claim to improve on the BJH method, such as the Cranston and 
Inkley (CI) method and the Dollimore and Heal (DH) method. The common feature in all of 
these theories is that it is assumed that the adsorbate adheres to the Kelvin equation, where 
the adsorbate is modelled to have a uniform density in the liquid state. This is an 
oversimplification, as it is known that the adsorbate density increases in the multilayer theory 
in layers closest to the sample surface during adsorption (MicrotracBEL Corp. 2015).  
GCMC aims to address the oversimplification of modelling the adsorbate as a pure liquid, and 
thus gain a more accurate picture of the PSD. It has been demonstrated that in reality the 
density of an adsorbate varies depending on its proximity to the sample surface, where peaks 
in the density are seen at each adsorbate layer. Density increases in layers closer to the 
surface at a faster rate during adsorption than the layers further from the sample surface, thus 
there is always a density gradient in the adsorbate. This principle is the main basis of the 
GCMC method. 
This principle and the GCMC method originate from the Density Functional Theory, or DFT. 
This method was first utilised in 1985 to describe adsorption of nitrogen molecules, however 
falls short in being able to fully describe adsorption in micropores (Tarazona 1985). This theory 
was expanded on in non-localised density functional theory (NLDFT) to address this. The 
basic principle of this method is that the changing density of the adsorbate in the multilayer is 
known, as well as the adsorption energy based on the interaction between the adsorbate and 
the adsorbent. This varies between which adsorbate and which sample is being analysed, and 
thus needs to be specified. A pore structure also needs to be defined prior to calculation, be 
it a slit pore, cylindrical pore, or a spherical pore model. From these variables, a theoretical 
adsorption isotherm is generated. This is then fitted to the experimental isotherm via an 
integral, which allows calculation of the PSD. 
The first principle of NLDFT is that the adsorbed molecule is assumed to be a perfectly 
spherical shape. Using a grand canonical ensemble system, a density profile is calculated 
relative to the surface of a defined pore structure. This theory assumes that the adsorbate 
molecules are hard spheres and uses this with the Gibbs free energy to determine a localised 
value for the density of the adsorbate. Through integration of this across the set of pore sizes, 
a theoretical adsorption isotherm is generated. The condensation pressure (i.e. the pressure 
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at which all of the pores are filled) increases with pore width. These values are then fitted to 
the experimental adsorption isotherm, and thus the PSD is calculated. 
The main difference between the NLDFT method and the GCMC method is that the adsorptive 
molecule is not modelled as a hard sphere in the GCMC method. Rather, the adsorptive 
molecule (N2, CO2) follows a double sphere structure about the LJ2/LJ3 centre. This is 
demonstrated in Figure A-4. This allows for measurement of the effects of the charge on the 
molecule on adsorption and on surrounding molecules. In the GCMC method, a virtual 
molecule is placed in the virtual space of a pore. The system continuously places molecules 
into the virtual pore to increase the pressure until the system is stable, and the volume of the 
adsorbed gas is measured. This generates the theoretical adsorption isotherm, which is then 
fitted to the experimental isotherm to calculate the PSD (MicrotracBEL Corp. 2015).  
 
 
Figure A-4 – The demonstration of the molecule structure used for NLDFT (dotted line) and GCMC (solid line).  
 
Both of these methods are valid for determination of the PSD, however GCMC is typically the 
more accurate of the two methods. Both require variables to be known, one of the most 
important of which is the interaction energy between the adsorbate and the surface. Typically, 
the surface needs to be a pure version of the material, such as pure activated carbon. If the 
material is not monovalent, such as a metal carbide, the methods may fall short. The 
interaction energy would need to be known, along with the proportion of surface area coverage 
of each constituent material. This is dependent on the crystal structure of the material. If this 
is not known, the PSD may be inaccurate, but the adsorption isotherms may still fit to one 
another. Qualitative methods, such as measuring the pores with SEM, may be required to 
validate the calculated PSD.  
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A.3. Thermodynamic activity coefficient calculation 
The thermodynamic activity coefficient is utilised in the calculation of the potential within the 
electrolyte, where the activity coefficient within defines the activity of ions in the electrolyte. 
This term is required to describe the highly dynamic and reactive nature of an electrolyte whilst 
a battery is in operation. In basic terms, the activity coefficient summarises the deviation of a 
solution from the ideal (Bradley and Kammermeier 2017). The Debye-Hückel equation is often 
used to determine the activity coefficient, not just for electrolytes but also for other solutions. 
In this thesis, the activity coefficient was determined using the Debye-Hückel limiting law, 
which is defined in equation A-20. This applies to dilute solutions, as when the concentration 
tends towards saturation the Debye-Hückel equation loses validity.  
ln(𝑓) =
𝑧𝑖
2𝑒2𝑙𝐷𝐻
8𝜋𝜀𝑟𝜀0𝑘𝑏𝑇
 (A-20) 
Where 𝑙𝐷𝐻 defines the Debye screening length, which is defined as the reach of the 
electrostatic field of an ion. In a monovalent (single salt) electrolyte, this length is calculated 
as per equation A-21 below (Rensselaer Polytechnic Institute 2011). 
1
𝑙𝐷𝐻
= √
𝜀𝑟𝜀0𝑘𝐵𝑇
2 × 103𝑁𝐴𝑒2𝑐𝑖
 (A-21) 
Both of these equations were used to determine the activity coefficient (𝑓) of lithium ions in 
the electrolyte specified in Chapter 7 of this thesis. This assumes that the electrolyte follows 
the dilute solution theory, which is followed throughout the models presented in this thesis. 
The activity coefficient of species i was then used to determine the thermodynamic coefficient 
using the concentration of species i. This is expressed in equation A-22. 
1 +
𝜕 ln 𝑓
𝜕 ln 𝑐𝑖
 (A-22) 
 
A.4. Error calculation 
In each model presented in this thesis, an error calculation is specified. This was an iterative 
process carried out at each timepoint in order to ensure convergence of the algorithm prior to 
going to the next timepoint. Where error calculation is specified for a variable 𝑥 at timepoint n, 
the error is calculated as a volume fraction using equation A-23. 
𝐸𝑟𝑟𝑜𝑟𝑥 =
𝑥𝑛 − 𝑥𝑛−1
𝑥𝑛
 (A-23) 
Through an iterative process, convergence is assumed when 𝐸𝑟𝑟𝑜𝑟𝑥 < 1 × 10
−4.  
